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CONFERENCE SUMMARY

As with most fields of research, the passage of time has brought to Phonon Physics a
splintering of activity into various subfields. Although any attempt to give all incompassing
names to these subfields is necessarily impl)'edSe, it is at least partialiy correct to characterize
most of the current activity as falling into two major subfields; namely, Lattice Dynamics and
Phonon Transport. »

It has been the tradition over the last decade for investigators in these subfields to meet
separately. And yet, as the overall field of Phonon Physics progfasa, each group is becoming
ever increasingly dependent on the findings of the other. It follows logically from this
interdependence that the subgroups need to meet jointly from time to time for a discussion of
advances and in order to provide a forum for a synthesis of resuits,

The 1981 International Conference on Phonon Physics was organized to fill this need. The
Conference is nominally the successor of conferences on Lattice Dynamics held in Copenhagen
in 1963, in Rennes in 1971 and in Paris in 1977, but it also includes the work on Phonon
Transport which previously has been the subject of conferences held in Ste. Maxime in 1972, in
Nottingham in 1975 and in Providence in 1979,

The call for contributions resulted in the submission of just over 350 abstracts. Papers
were arranged into sessions of "long" and "short” talks and poster presentations. The selection of
papers and their assignment among these sessions was accomplished through consultations with
many prominent scientists in the field; particularly, with the members of the Conference's
International Organizing and its Program Advisory Committees. It fell to the Local Program
Committee and the Conference Chairman to assimulate and act upon this information and to
arrange the various accepted oofi_tributicm 30 as to create a coherent program.

The Conference was helq,ln Bloomington, indiana, U.S.A. within the facilities of Indiana
University from August 31 through September 3, 1981. About 300 persons, from 30 countries
(representing every continent) attended the Conference. Fifteen major topics were covered (see
contents),

A number of innovations were instituted to encourage interactions among those of
diverse interests. Among the more successful of these innovations were :

1)  limiting each day to four (to at most five) subjects,

ii)  to require "long" talk speakers te also present a poster during the poster session on

their topic, and

ili) to hold the poster session each day in a single room without a competing session of

any kind.

Organizing a Conference of this size and diversity requires the support and etforts of a
lerge number of persons. Of prime importance were the efforts of the Conference’s Standing
Committees.

During the Conference an Interim Steering Committee was formed and charged with the

T L

—————




— .

mission of finding a place and date for a future meeting of similar scope.

The present Conference had an unfortunate conjunction with an economic downturn
occurring throughout most of the world, which manifested itself in this regard in severely
limiting the travel support available to scientists from their own countries. It became, there-
fore, critical to obtain some funds from sources within the U.S.A. Because of the strong demand
for assistance, it turned out to be possible to give only i)§rﬁal support for primarily local
expenses and, even then, not to all who were deserving. All the same, we are extremely grateful
to those sources whose sponsorship and generous support funds made it possible for many
delegates to attend the Conference. Sponsorship and sdpport funds are gratefully acknowledged
from the

International Union of Pure and Applied Physics
American Physical Society (Sponsorship only)
U.S. National Science Foundation

U.S. Department of Energy

U.S. Office of Naval Research

U.S. Army Research Office

Indiana Urﬁversity

LU. Department of Physics

Finally, this Conference would not have been passible without the dedicated work of its
Secretariat (Vicki Woodward, Mindy Richards, Kathryn Crouch, and particularly Judy Chapple),
and that of Kevin Knerr and his staff of Indiana University's Conference Bureau, as well as that
of the members of the faculty and the student body who volunteered to help in the operation of
the Conference itself. The support of all these persons is gratefully acknowledged.

W.E. Bron
Professor of Physics
Bloomington, Indiana, U.S.A.
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Abstract.- Several mixed-valence NaCl-structure compounds show
strong anomalies in the phonon dispersion curves. These anomalies
are related to the interaction of localized f-electrons with de-
localized band electrons near the Fermi surface and to the iso-
structural phase transitions characterized by a softening of the
bulk modulug. The lattice dynamics of these compounds is revie-
wed and the dispersion curves are analyzéa in terms of a brea-
thing shell model including various modifications. The relation
between the phonon self-energies and the electronic band struc-
ture is discussed. In addition, the polarized Raman spectra are
interpreted in terms of local cluster deformabilities of breat-
hing and quadrupolar symmetry. Similarities and differences of
phonon anomalies, Raman spectra and electronic band structure in
semiconducting, superconducting and mixed valence compounds are
pointed out.

I. Introduction.~ Rare earth atoms are characterized by extremely lo-

calized, partly filled 4f shells. In solids most of the rare earth

ions are trivalent with the exception of Sm and Eu in the middle and

Tm and Yb at the end of the series. For these ions Hund's rule coup-

lings become important and the divalent state is favored. In Sm,

Eu, Tm, and Yb as well as in Ce compounds the 4f"(5d6s)™ and the

4fn-1(5d6l)m+1 states are energetically close and may become nearly

degenerate when the external parameters (pressure, temperature) are

changed, The same can happen if the composition is changed (e.g. by

alloying). In these cases isostructural phase transitions into a homo- i

genecus intermediate (non integer) valence phase have been observed.
| Since the screening of the Coulomb attraction of the core is signifi-
? cantly reduced when a localized 4f electron is promoted to the deloca~
lized (5d6s8) band large chandes in volume occur.

The coexistence of two neighboring, nearly degenerate configura-

tions 4£"(5d6s)™ and 4£7"1(5468)™' at equivalent rare earth ions
t leads to valence fluctuations for which the charge relaxation rate
may be on the same time scale as the lattice vibratiohs. It can, the-
refore, be expected that the valence fluctuations manifest themselves
not only in the electronic and magnetic properties of the rare earth ,
compounds but also in the phonon spectra. Due to strong electron-pho-




C6~4 JOURNAL DE PHYSIQUE

non interactions, pronounced anomalies in the phonon dispersion curves
are expected for those modes which are sensitive to the isotropic de-
formation of the charge density of the rare earth ions.

Experimental investigations of the lattice properties have re-
vealed a number of characteristic features: (i) A soft bulk modulus1
due to c12<o and anomalous mean square sulphur displacements of
Sm1_xxxsfor x>0.152, (i1) a softening of the zone boundary phonons in

semiconducting and metallic SmS3’4, (iii) anomalies in the phonon dis-

persion curves of Smo.75YO.2555’6, (iv) a softening of the bulk mo-
dulus due to Cq2<0 and anomalies in the phonon dispersion curves of
TmSe'%Gn strong interaction of the 4f multiplet levels with phonons in
Sm1_xYxSe and Sm1_xYxs?and(VI)asoftening of the zone center optic mo-
des in CePd31°.

Several theoretical approaches have been proposed for the treat-
ment of the electron-phonon interactions and the description of the
phonon anomalies of Smo.75Yo.2ss11-15 and sns?’'6 in its semiconduc-
ting as well as in its metallic phase. Recent calculations of the va-
riation of the charge relaxation rates of rare earth ions as a func-
tion of their valence have provided a systematic understanding of the
occurrence or absence of phonon anomalies in intermediate valence com-

pounds17.

II. Lattice dynamics.- The electronic densities of states18-2° and the
21 22,23 5,6 24
r Sty 75%0,255" " and Y8

phonon dispersion curves of EuS“ , SmS
are shown schematically in Fig. 1. In SmS the filled 3p bands are se-
parated by a band gap of about 3eV from the empty 54 and 6s bands. The
localized 4f states and the Fermi level lie at the bottom of the con-
z duction band. The phonon dispersion
S curves of SmS look like those of a
§ typical ionic semiconductor. A com-
parison between the dispersion cur-
ves of EuS and SmS reveals, however,
an incipient effect of intermediate
valence in SmS. Compared to EuS the
1O branch of SmS8 is lowered and the
bulk modulus is decreased. The lo-
wering at the r-point and at the L-
point is due to an increased dipolar
(r15) electronic deformability of
xen the Sm ions and a breathing (r.l)+
Fig. 1. Electronic densities of states dsformability of the Sm ions respec-
apd phonon dispersion curves. tively, which also reduces the bulk
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modulus by about 15%. These effects are caused by the lowered 4f-5d
pramotion energy in SmS as compared to EuS.

When we go from SmS to YS we find a considerable change in the
dispersion curves. YS is a superconductor with a partly filled 4d-5s
band. The metallic screening of the conduction electrons leads to de~
generate LO-TO phonons at the I-point. The degeneracy persists all
along the A direction. This indicates that the long range Coulomb for--
ces are screened out almost completely and that only nearest neighbor
(nn) overlap forces are important. Therefore a neutral nn approach is
a good starting point for the description of phonons in YS and in me-
tallic intermediate valent Sno.75Yo.zss.

As we have already seen in the discussion of SmS local electronic
deformabilities are a very useful concept for understanding the spe-
cial features25 and, in particular, the anomalies in the phonon disper-
sion curves. Assuming radial coupling between nn in a NaCl lattice on-
ly three deformabilities are possible for each ion. Fig. 2 illustrates
the different symmetry types. In an adiabatic multipole model the dy-

namical matrix becomes the sum of a rigid ion part and a deformability

'
1;. . digole force Symm. of] Effect [Observed in Wi croscopic
P :,___._- Gaform. on ”]8?75’9.2!]" origin
) :22‘] x x ae®+at® (sa)
® AfC)3-C,)» 0 - 6 a1, 4,5
riglsm jwom | x x 4£ 54" (4£7)
+ H Jreathing” florce T (Sm) |1O(L)
+
._.._. rye  fram x [3a, +3a
* rig(s) |won
) Ay -G,0<0 -
T, (8} |TA(L)
‘ 12
1; quadrupale force
.__®- - Tab. 1. Local deformsbilities
st part which itself contains a sum
' MCpy-C4) >0 over all possible symmetries. In
Fig. 2. Displacement-induced local de- Tab. I the effects which result
formabilities in a decrease of the corresponding

phonon frequencies are summarized. We have already discussed the P:
and r,; deformabilities of the Sm ion in SmS. The LA(L) anomaly in YS
(the dashed line in Fig. 1 indicates the normal dispersion curve) ex-
hibits a breathing deformability of the 8 ion which may be caused by
resonance-like valence dx conduction dxy excitationszgear Ep since
YS has not only Y ‘dxy but also 8 3dxy states near EF.

When going from ¥YS to SNO.7SYO.258, the Fermi energy decreases
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relative to the band edge and a large fraction of the § dxy states may
become depopulated. If we look at the dispersion curves we see that
the LA(L) anomaly has in fact disappeared. Instead, a new anomaly in
the LA branch is found at smaller g-values where the LA-branch now
lies below the TA-branch. At the same time the LO(L) frequency (which
in ¥YS was practically degenerate with the TO(L) frequency) is signifi-
cantly lowered. Both effects result from a breathing deformability of
the Sm ion arising from virtual Sm 4f+ 54 state excitations, which are
characteristic of the mixed-valent state. In addition to the splitting
of the LO and TO vhonons at the L-point we observe a lowering of the
optic modes at I'. This is consistent with a dipolar deformability at
the Sm-ion caused by the hybridization of the Sm 4f-levels with d-
states of S, Sm and Y.

Fig. 3 shows the results of our cal-

© —T —r—T —r—T—T culations13. Only five parameters
[ I 1 4;’“ have been used: two nn overlap for-
"%w_‘{j T ce constants a breathing and a dipo-
20- L J'L . . , 3§ lar Sm deformability (which are as-
>‘r: YR HI N o £ sgumed to be equal) and a quadrupolar

S deformability which lifts the de-
generacy of the TA(X) and LA(X) and
may be interpreted as a remainder of

Add Al PO ST

N '
r 02050500 xblOUS G4 02 I @ Q2 Q3 M4 L

(Eoo] 37 (ELE) the Coulomb interaction. In view of
the simplicity of our model the
Fig. 3. Phonon dispersion curves of agreement with experiment is quite
S"o.’rSYO.ZSS' satisfactory.
Recent calculations of Wakabay-
ashi15 show that the model can also

account for the wave vector depen-
dent lifetimes of the longitudinal
. o | e SR B g e o | phonons if the relaxation of the
tost | G0l | el electronic system is taken into ac-
—_— § orren
——-io —omey’l count. Fig. 4 shows that the line
widths calculated15 with a relaxa-

[ X i 7]
Ld
N
$
N
2
rd
—
——
1 i

wh + /! \‘ tion time of 4.10-“3 compare well
VAR ; ’:' A i H with the experimental resultss's.
o~ e L [ Using essentially the same

[ ]
st O e’ ' *  model we have been able to reproduce
rather well the phonon dispersion

Fig. 4. Phonon width for longitudinal curves of TmSe sured recentl st-

lodens'é’ 15

The results are given in Fig. 5.
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— 7o' T v T It is seen from the splitting
%c—— of the LO(pA) and TO(A) bran-
> Lo TO % ches that for shorter wave-
4t 1 lengths the Coulomb contri-

[ butions play an important ro-
3 le and have to be included

in the calculation. In addi-~
tion to the parameters used
for the calculation of

S we take into ac-

v [THz]

A 4 n A e i A A S Y
x 08 06 04 02 p 01 02 03 04 | M0.7570.25
[£.0,0] (EEE] count screened Coulomb and
’ weak Tm-Tm interactions.

Fig. 5. Pkonon dispersion curves of TmSe.

III. Raman Scattering.- So far we have parametrized the electron-lat-
tice interaction in terms of local cluster deformabilities and found
that three deformabilities ( breathing, gquadrupolar and dipolarf were
sufficient to describe the anomalous part of the phonon dispersion cur-

ves. We show now that the relevant features of the polarized Raman
spectra are due to the same deformabilities which cause the strong ano-
malies in the phonon dispersion curves. For this purpose we expand the
polarization operators P,g(t) into normal coordinates Al{q,j ) and im-
purity-induced distortions B{(q,x) at lattice site x. The first-order
terms read as follows

IPyg (9,3x) B(-q.x) A(q,3) = P,g(q)) Algd)

This equation describes the symmetry breaking effect of the impuri-
ties with respect to the q selection rule, so that ias(q.j) # o for

q = o, Instead of using a many parameter fit of the expansion coeffi-
cients of PaB(q'j) in ordinary space we use cluster related projec-
tion operators to calculate the components of the Raman spectra which
correspond to the different cluster deformabilities. The scaling fac-
tors for the partial spectra related to the cluster deformability of
syrmetry Fi at the central cluster ion « are taken as parameters.

In Fig. 6 we compare our polarized Raman scattering data for 8m§7
(upper part) with the results of our calculation (lower part).The bold
lines in the lower part represent the one-phonon density of states
weighted by (n(gj)+1)/w(qj). This is the simplest approach to the Ra-
man density and gives only a very poor description of the measured
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spectra.However, taking into account
the impending valence instability of

Sm by a breathing response (F:)
of the charge density around the
Sm ion, we obtain the shaded cur-
ve, which explains nicely the
strong r: Raman scattering near
200 cm”!
polar r1; deformability of the

. An effect of a quadru-

Sm-ion has been detected neither
in the Raman spectra nor in the

phonon dispersion curves. The
effect of such a deformability
would lead to the spectrum repre-
sented by thin lines in the lo-

wer part of Fig. 6. A gualitative
analysis of the rzg contribution
near 60cm | shows that it is con-
sistent with S-S interactions.

The most interesting spectrum

WAE NUMBER {(cm-t)

Fig. 6. Polarized Raman spectra270f is of Coursez;:he mixed valent

SmS iupper part). Lower part; weigthed sm Y s Fig. 7) which is
one phonon density: bold line; brea- 0.7570.25 (Fig )

thing contribution: hatched area; qua- ¢Clearly dominated by the promi-
drupolar contribution: thin line. nent I‘: scattering intensity near

245 cm-1 and the weaker one near 85cm_1. The results of the calculat-

tion (shaded curve) show that these structures are caused by the brea-
thing deformability of the Sm-ions.

From our lattice dynamical analysis we expect a strong F: defor-
mability of S in YS. The Raman scattering data27 confirm this inter-
pretation (Fig. 8). The intensity near 21Ocm-1 arises from second or-
der acoustic phonon scattering which is not included in our calcula-
tions.

Our analysis of TiN shows that the Raman spectrum28 is made out
of two nearly equal contributions from the breathing and guadrupolar
deformabilities at the N site which are represented in Fig. 9 by sha-
ded spectra enclosed by full and dashed lines, respectively. This is
again in agreement with the analysis of the phonon dispersion curves
where the LA(L) and TA(L) anomalies indicate r: andl'1; deformabili-~
ties of the N ions, respectively. TiN belongs to the group of transi-
tion metal compounds for which detailed microscupic studies have been
carried ont3°-32. TiN shows dynamical Ti(dxy)-N(zp) hybridization,
which leads to periodic charge fluctuations between the open d- and p-
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SMarYosS 300K SUSA

+

—~—_ & - —_—D
- '\-\,/N\\JEL__J//—~\\"——_———
—¥5 —a B —%% . o

YS 300K SuSA
—H+-

SCATTERING INTENSITY larbunits)

0
WWE NMEER (cnr1)

Fig. 7. Polarized Raman spectra27 of

SmO.TSYO.2SS' Notation as in Fig. 6.

WAE NUMBER {em-')
Fig. 9. Raman spectrum of TiN

0.95°

SCATTERING INTENSITY (arbunits)

WWE NUMBER (cm-)

Fig.8. Polarized Raman spec1:ru||27 of
YS. Notation as in Fig. 6.

shells of Ti and N, respectively. The
symmetrvy of purely radial charge de-
formations of the (pdw)-overlap leads,
in a first approximation, to equal
strength of the breathing and the qua-
drupolar deformability of the N site.
In YS the pd coupling is less effecti-
ve and largely replaced by d__ -4

Xy Xy
excitations which lead to a breathing

- deformation only. In 8n° 75Y0 255

the local symmetry of the Sm site

imposed by the Y impurities is consistent with radial r1 and Tys de-
formations but incompatible with the r12 quadrupolar symmetry, which
has neither been observed in thevnaman nor in the phonon spectra.

1V. Summary and Conclusions.- We have shown that the phonon dispersion

curves, the phonon line width and the Raman spectra of a variety

of materials ranging from semiconductors to superconducting transition
metal compounds and including the mixed valent compounds can be des-
deformabilities of breathing, dipolar

cribed successfully in terms of
and quadrupolar symmetry.

S T e
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PHONON AND ELASTIC ANOMALIES IN INTERMEDIATE VALENT Tm,Se AND

TmSel_YTey

M. Celio, R. Monnier and P. Wachter

Laboratorium flir Festkbrperphysik, ETH ZUrich, 80%3 Ztrich, Switaerland.

Abstract.- In TmySe and TmSel.y'rey the degree of valence mixing
can be adjusted between nearly 3+ for Tmgp_ g7Se and 2.55+ for
TmSeg,7Teq, 3. The sound velocity vy, decreases with increasing
degree of valence mixing and the elastic constant c becomes
negative. The first order Raman spectrum shows an aéaitional peak
at 60 cm~1l for strong valence mixing and a softening of the LO (L)
frequency. The experiments are compared with the calculation of
an 8 parameter shell model resulting in projected density of
phonon states.

TmSe is one of the most interesting intermediate valent (IV) materials

in asmuchas it is IV at ambient pressure and its degree of valence mix-
ing can be adjusted by composition (meSel)) or by alloying with other

ionsz). Thus the valence as determined by the lattice constant is

nearly 3+ for Tmg_g7Se and 2.55+ for TmSeg, 7Teqp 3 3)

. On these composi-
tions we have performed Raman scattering, ultrasound velocity and elas-
tic measurements 4) | In these rocksalt type structures the Raman effect
measures a defect induced weighted one phonon densityv of states 3)which

is displayed in Fig. la for 4 different compositions of TmySe.The curve

difference spectra
Tm,Se - Tm Se

Tm_S€e (porished

&8

Fig.la: Raman spectra
of trivalent Tmg g7Se
and intermediate
valent TmySe.

30@ K

INTENSTITYY

Fig. lb: Contribution
of the agYmaloua peak
x = 1.8 at 60 cm to the

scattering intensity,
computed by substrac-
x = Q.87 tion of the trivalent

n~*--/*/r\<<;::tﬂ spectra.
N\ b
—

] T e e 7% — W

FRLQUENCY smHtrt tem=-13

SCATTERING
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for the trivalent x=0.87 at the bottom of Fig.la is

identical to other

trivalent selenides like GdSe or LaSe and corresponds to TA and LA

phonon densities in the low energy range and TO and LO densities

for the higher energy peaks >)

. As one increases the degree of valence

mixing, x+1.05, a significant peak at 60 cm~1 is emerging within the

acoustic region which is shown in more detail in Fig.lb. Also with in-

creasing valence mixing the high energy edge of the LO band softens
and merges with the TO band. This softening of the LO band between a

4 Tm3f87Se and a hypothetical Tm2+Se, but a real sz

+ . .
Se, is shown in more

detail in Fig. 2, where for comparison also the much smaller softening

3+

of the trivalent series Tmo 87S

tion is displayed.
The sound velocities VL’VTl
elastic constants €117 €12 and c44 have been derived

ing valence mixing v

L
2.56'105 cm/sec for Tm Se. At the same time c
11 0-993 11 2
1 going from 2.1-10 erg/cm” to - 5.7°10

6 1

bar ~ for Tm

‘ Tm0.878e to 4.61-10 0.99

sist down to 4.2 K.

lence mixing has been predicted already 6)

12

200 o

. As a consequence the compressibility rises from 1.46°10°

e - LaSe ‘ue to the lanthanide contrac-

and szhave also been measured and the
4)

. With increas-

reduces from 3.48-105 cm/sec for Tmo 3.’Se to
becomes negative,

erg/cm™, respectively.

Gbar—£ for

Se. These elastic anomalies per-

A softening of LO(L)- and LA(A)phonons with increasing degree of va-
and is well born out by the
experiment (see above). The negative c for IV TmSe has a dominant
effect for lellll which becomes even less than lellll, fecrcing the LA
branch below the TA branch, Since no

6)

softening of the LA(L) is expected ,
S GdggeSe a qualitative LA|lll|dispersion has

p'" {n%”& “GpSe— _ been constructed which indicates for
K Ty the anomalous Raman peak at 60 cm -
g 100 ) Tm e {mw& mainly a density of states effect>.
g .‘“mwéh A different point of view has been
é‘"' ] taken 7)by assuming that the elec-
S tron-phonon matrix elements of the
fee e’ ] I‘I breathing mode enhance the Raman
intensity of those parts of the pho-
“:J 5.7 5.0 se . 8.1 non dispersion curves which soften
LATTICE CONSTANT (M)
for 1v.
gigjgz Peak position of the LO We have calculated the phonon spec-
ba of Tm_Se, Gd_Se and LaSe.

Stars: ”L0¥L) in Bhell model cal-
culation.

|~

e el e s e o ——— e T g e o s e

trum of IV TmSe by using an 8 para-

———— e

,
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a sa Hoa WBER Lem 200 250 meter shell model with
' ' ‘ T ' deformable ions. The dy-
namical matrix D(q) is
D(@)= Dpp (@)D yy (@
+Ddef(q) with DRI the
point charge rigid ion

o
®
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DENSITY OF STATES (»10°Y

A projected [°

W
®

matrix, the ma-~

Dehe11
trix for a simple shell

n
(-]
T

—_
S

DENSITY OF STATES

nodel and Ddef accoun-

ting for the breathing
40 S0 (FI) of the Tm ion and
+ a quadrupolar deforma-
density of states (A) of IV TmSe. bility (P;s) of the Se

ion. The parameters were adjusted using the lattice constant, cll' c12

0

v
4.
wn

20 30
FREQUENCY [#1@'rad s7')

44 4)and Yo and Yo at the I' and L points 8). The continuum cha-

racter of the 54 electrons is reflected in a high polarizability of the

and ¢

Tm ions. However, density functional results for the charge distribution
around a trivalent impurity in an electron gas at the corresponding
density indicate that the induced charge is too localized to effective-
ly screen out the long range Coulomb interaction between the ions,

thereby justifying the use of a shell model for the description of that
system. The measured dispersion curves 8)are reasonably well reprodu-~
ced by our model in the [100| and |110| direction, but essential diffe-
rences appear in the |111| direction, where the life time broadening

of the longitudinal modes is especially large. In Fig. 3 we show the
one phonon density of states (B) which should be compared with the

experimental curve of Fig. la for Tml_OSe. Very good agreement is ob-
tained. In Fig. 3 (A) we also display the PI projected density of
states which is not very pronounced at the experimentally determined

60 cm—l peak, which thuas is mainly due to a density of states effect
from flat regions in the phonon dispersion along |100| and |[110| near X,
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PHONON SOFTENING IN INTERMEDIATE VALENT SmBg

I. Morke and P. Wachter

Laboratorium fir Festkdrperphyeik, ETH Ziirich, 8093 Ziirich, Switaserland

Abstract.- We have measured the Raman spectrum of a SmB_ single
crystal and compared it to LaB6 and EuB_. Beside the three high
energy Raman active phonons we found adaitional exci;ations in
these compounds. Most prominept is a peak at 172 cm” for SmBg,
214 cm for LaB_. and 220 cm for EuB.. The spectra are ana-
lysed in terms og defect induced phonog scattering. The soften-
ing of the line in intermediate valent (IV) SmB, is explained
in analogy with the phonon anomalies found in other IV com-
pounds.

SmB6 is of special interest among the rare earth hexaborides because
the Sm ion has a non integer valence of 2,6. To examine the influence
of intermediate valence (IV) on the first order, forbidden Raman scat-
tering, we have remeasured the spectra of a SmB6 single crystal and
compared it to LaB; and EuBG' The hexaborides crystallize in the

CaB6 structure of space group Ot
(Pm3m) . For this structure there T=300K
are three Raman active phonon mo-
des of Alg' Bg and Fzg symmetry.
Beside these three modes our meas-
urements show additional shoulders
in both spectra. The most promi-
nent structure is a peak at
172 om™! for smB,, and 214 cm”
for LaB6 (Fig.1). The absence of
magnetic ordering in Sm36 and LaB6
and of electronic excitations, in

Lass (the ground state of La3+ is

1

H
H
L}

1

-+172

SmBg

INTENSITY (a.u.)

] Y T e 200 158
so) is the reason why we are FREGUENCY SHIFT (cm-1)
going to interpret this part of
Fig.l1 Room temperature Raman
the spectra in terms of phonon Spectrum of SnBG and La36 single

scattering only. The selection crystals.
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rules for Raman scattering may be lifted by crystal defects. This
effect yields a weighted phonon densityof states in the spectra (1).
The peak at 172 cm-l in IV SmB6 is of special interest because it is
about 40 cm.1 softer than the corresponding excitation in metallic
LaBG. The frequencies of the Raman active modes of the other MBG are
in semiconducting compounds always higher than in the metallic sam-
ples (2). This is confirmed on a Eu2+86 powder sample which shows a
weak broad excitation at 220 cm l. Furthermore a softening of the
bulk modulus has been observed in SmBG. B=139 GPa, 191 GPa and
157 GPa for SmBG, LaB6 and EuBG, respectively (3).

Softening of zone boundary phonons and of the bulk modulus are
the striking effects caused by the electron phonon interaction in
IV compounds (4). In IV compounds with NaCl structure the phonons
mostly affected by the coupling to the RE ion are those where planes
of anions move against planes containing only the IV ions (5). Such
a vibration is expected at the X-point in the CaB6 structure. The
symmetry of normal modes at this point is (we put the origin of the
coordinate system in the center of the boron octahedron):

3a + A + Blg + B + 3Eq + 2A2u + B + 3Eu

1gq 2g 29 2u

The compatibility relations are given in Fig. 2. The two modes of A2u
symmetry are those where planes of B ions move in [100] direction
against planes of Sm ions (Fig. 3).

Although it is not possible on the basis of the Raman scattering
experiment alone to be sure that
the observed low frequency line

coincides with either of these A2u fpoint

modes, there are some important ng *

arguments which favour such an in- Es . ;
terpretation. One is by taking a £ .

suitable linear combination of both l9

Azu modes, one can deal with the Fag °

movement of the center of gravity rlu d

of the whole 86 octahedron. Com- Fay *

paring the mass of BG with that of
a single boron atom, one may expect
this vibration to have a low

frequency. A further argument is !

deduced directly from the compati- Fig. 2 Compatibility relations for
bility relations (Fig.2). A mode different symmetry points
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at the X-point.

Fig.3. Normal modes of the two AZumodes of SmB6

of A2u symmetry at the X-point may be either of Alg or E
symmetry at the I'-point. The I'-A
hexaborides of about 1300 cm-'1
of the order of 200'<:m-1 at the zone boundary. The same argument holds

for the F—Eg mode. If one looks at the Flu modes, one of which is the

g or Flu

1g has the highest frequency in the

. One would not expect this mode to be

acoustical, one finds two vibrational modes showing exactly the same
atom displacements as for the two A2u modes. The only difference is
that at the I'-point all unit cells move in phase whereas at the X-point
neighboring planes of unit cells in X direction move in antiphase. The
19 mode.

The softening of the low frequency line is thus tentatively explained

Flu mode is expected to be of lower frequency than the A

in terms of a Raman inactive LO (X) mode which couples most strongly
to the volume fluctuations.
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PHONONS IN AMORPHOUS MATERIALS

M.F. Thorpe

Physice Department, Michigan State University, East Lansing, MI 48824, U.S.A.

Abstract.- A brief review is given of phonons in amorphous mate-
rIals as seen in Raman scattering, infrared absorption and in-
elastic neutron scattering. It is showr that phonons (i.e.
quantised harmonic vibrations) are well defined in network
structures and a description is given of the standard theoretical
technique which is to build a finite model and then use one of
a number of numerical techniques to obtain the eigenvalue spec-
trum of the dynamical matrix. Particular emphasis is given to
newer theoretical techniques that do not require the building
of a model. The results are illustrated with reference to ex-
periments in elemental semiconductors like Si and Ge and two
component glasses like S5i0,, GeS,, etc.

1. Introduction.- The vibrational spectra of amorphous solids and
glasses have been extensively studied particularly in the last decade.
The principle experimental techniques used are inelastic neutron scat-
tering, Raman scattering and infra-red absorption. Although there is
no one theoretical approach that can explain all aspects of these
vibrational spectra, the main features are now understood. However,
many significant details remain to be put in place.

We will try to briefly review the most important theoretical
techniques that are available to calculate the phonon spectra of glass- v
es. The results are illustrated mainly with a, Si and a. SiO2 on which
most work has been done. More exotic types of glasses have also been
studied but less theoretical progress has been made on these.

2, Model Puilding and Numerical Methods.- The standard and most success-
ful calculations of phonon spectra have involved numerical methods on
particular models. It is of course essential to know the structure of
a glass before proceding to calculate the vibrational spectrum.

The earliest of these models were hand built ball and stick models
of a. 8102(1) . These were based on the known local bonding arrangements 1
and typlically contained ~ 300 atoms in a roughly spherical cluster. !
Bell and Dun(l) used these models to set up & dynamical matrix using
the Born model which has nearest neighbor central and non-central
forces. The eigenvalus spectrum was obtained as a histogram using the
negative esigenvalue theorem.

.‘,1".‘{?4'{3’ Lat e
. e . .
LG . ~
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In figure 1 we show a recent comparison between theory and an
inelastic neutron scattering experiment(z) for 8102. The experiment
is done at large wave vector transfer so that essentially the density

Sio,
[3 xpll.]

PR

f S
Co ' Calc.
Fig. 1 : A comparison(3) between ex-
periment and theory for inelastic
neutron scattering in a. Si0,. {Adapted
\ from reference 3.
\\
'|’||||||l|’|/||\
400 800

|
0

1200: on’
of states is measured. This has the disadvantage that the multiphonon
background has to be subtracted. This is indicated in the figure by
the dashed line(z). The theory is the density of states weighted by
the appropriate neutron scattering lengths for Si and O. The agree-
ment overall is impressive.

Similar calculations(3) have been performed for the Raman and I.R.
spectra. Again reasonablely gocd agreement is obtained. However, the
matrix elements are difficult to put in as they are not simple as in , l

neutron scattering. Usually some local bond polarisabilities are in-
troduced which have the correct symmerry. This introduces a major
theoretical uncertainty that is not present in inelastic neutron
scattering.

Similar work has also been done on a. Si. Hand built models have
been constructed by many groups. While the hand construction fixes
the topology of the network, the positions of the atome can be refined
by relaxing according to a suitably chosen potential.(s) The equation !
of motion method has been used by Alben and collaborators to determine
all quantities of interest [density of states, Raman scatting, I.R.
absorption and the neutron scattering law S(ﬁ.u)]. The method tracks
the bahavior of the displacements with time and then Fourier trans-
forms. It can be used in any harmonic system that is disordered. Good
overall agreement is achieved between theory and experiment using this
method (#) » (6)

The negative eigenvalue theorem was used to construct histograms
for the density of stntcl(l) for 8102 type glasses. To calculate other 1
quantities, sample eigenvectors must be obtained. This method could
also be applied to a. Si as could the equation of motion method be

. applied to 510, type glasses. It is an accident of history that this
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has not happened.

It is particularly difficult to calculate the I.R. absorption
in elemental glasses because there is no I.R. absorption in the
corresponding crystal usually. A new mechanism must be invoked. Two
have been suggested; dipole moments associated with three near neigh-
bor atoms(a) or fluctuating dynamic charges on all the atoms.(7)

Direct diagonalisation of the dynamical matrix for a finite model
is now rarely used as it is inefficient.

These numerical techniques may be regarded as providing a solu-
tion to the problem - although some effects such as those produced
by the long range Coulomb forces have yet to be included. However,
they do not often provide a great deal of insight and calculations
must be repeated every time a change is made in the model - such as
increasing the local distortions or changing the masses. For this
reason, more analytic approaches are now being persued.

3. Beyond Numerical Methods.- Some progress has been made in two

directions. The phonon spectrum of a Bethe 1attice8 can be obtained
using Born forces for a. Si. This shows many features in common with
the density of states of crystalline Si although the van Hone singl-

arities and some other features are absent. (see fig. 2)

This or other Bethe lattices can be tied onto small pleces of
network and used as a convenient boundary condition in the "Cluster -
Bethe - lattice” method. This avoids the large effects that the free
surfaces of small clusters can produce. A review of this method con-
tains many of the results obtained to date(7). Good agreement with
experiment {s obtained in many cases.

The other approach 18 to keep only the central forces and complete-
ly neglect the non-central forces. This is not an unreasonable starting
point as the nén-central forces are typically only ~20% of the nearest
neighbor central force. Within this scheme the problem is essentially

sk
1 4
e
o' \
2 '
"R 13 1
5 [ %
zil e ! Fig. 2 : Showing the densi £ :
4 . : 8 ng the density of states :
§ A l For crystalline Si in the diamond :
81 i d gtructure (solid line) and the Bethe ;
L\ | lattice (dashed line). [From reference 3
@ e " 1 s —J 8 M
] 2 13 1 ) ] "w . :
W/ g j
!
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soluble9 and very simple expressions are obtained for the positions

and widths of the main peaks in the density of states. These are
particularly valuable when the network is modified in some simple way.
For example 018 can be substituted for 016 and the Raman spectra of
the two glasses compared.10 It may be possible eventually to include
non-central forces and Goulomb forces in this model using perturba-
tion theory.

4. Future Prospects. Although many Raman and I.R. experiments have
been performed on many glasses whose structure is known, progress has
been hampered by the absence of a good knowledge of the optical matrix
elements. Recent work by Martin and Galeener(ll) has shown that these
matrix element effects are extremely important and can produce peaks
in the optical spectra where non exist in the density of states

(see figure 3).
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w
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: w ! %0
< o O .
g t -
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a | :
- O B
i m \ o ;
] 1 1 i | T S 3
° 300 1008 1500 H
[, LA ) LARR) ) r L T ] LS T 1T 7 B :
VITREOUS ;
-8 1 o o, - i
i r . . H
g /! .
£l : 1 Fig. 3 : Showing the Raman scattering, §
:. ; - density of states in the central force
5 { model, and measured weighted density of
R AP AN ) states from neutron_scattering. [Repro-
g 1 ot " duced from ref, 11.]

WAVE NUMBER w(em")

The clearest measurements to interpret theoretically are from
inelastic neutron scattering. However, the measurements at large Q
have problems with multiphonon scattering. It may be that measurements
at smallex Q will give the most information. These can be obtained
theoretically using the equation of motion technique.
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VIBRATIONAL SELECTION RULES IN DISORDERED SOLIDS : VITREQUS GeO,

F.L, Galeener

Xerox Palo Alto Research Centers, Palo Alto, CA 94304, U.S.A.

Abstract. Empirical selection rules observed in the Raman and infrared spectra of
vitreous germania are noted. Those for polarized Raman scattering are discussed
in more detail, and are generalized to apply to glasses with different local order.

1. Observations in Vitreous GeO,. - Fig. 1(a) shows the reduced polarized Raman
spectra of vitreous (v-) GeO,./ The dominant feature is the highly-polarized Raman line
(R) at 420 cm’l. Fig. 1(b) is a schematic diagram of the vibrational density of states
(VDOS) for this material calculated by the method described by Galeener,? using the
central forces (CF) only continuous random network (CRN) model of Sen and Thorpe.’
According to this analysis,” R is to be associated with the single state W; at the low
frequency band edge in Fig. 1(b). Thus the dominant Raman line is interpreted as the
result of very strong Raman scattering by a small number of select states of motion in the
glass.

This inference is supported by data of Galeener, Leadbetter and Stringtellow,’
reproduced in Fig. 2. Fig. 2(a) is the reduced neutron spectrum G(Q,W) obtained from
inelastic neutron scattering measurements. Upon subtraction of the estimated 2-phonon
contribution (dashed line), this quantity is a good experimental measure of the VDOS.
(The lines at about 125, 470 and 1230 cm'! are thought to be spurious.) This VDOS is to
be compared with the reduced polarized Raman spectra, 14(W) in Fig. 2(b), and the
transverse infrared response, Wey(W), in Fig. 2(c). The vertical solid lines are drawn
through peaks seen in 1.4(W), Wey(W) and - Im (W/e) [the infrared energy loss spectrum,
not shown’]. As predicted, R lies not at a peak in the VDOS but at the low frequency
edge of the band of states centered at ~550 cm’l. Thie indicatee the existence of a highly
frequency-dependent matrix element, contradicting the prediction of Shuker and
Gammon,” and supporting the arguments of Galeener and Sen.® It also provides
additional confidence in the predictive utility of the simpie CF CRN model.

Note that additional selection rule information can be found in Fig. 2. The dominant
polarized Raman line R is not seen in the VDOS, nor is it seen in Wey or -im (W/e)
[indicating infrared inactivity]. The poiarized Raman specira give much of the information
10 be found in the neutron and ir spectra. All the peaks in the VDOS, Wey and - im (W/s)
are soon in the HV Raman spectrum alone. The HH spectrum clearly selects certain
additional modes for obeervation, including D, a defect of uncertain origin.’

N
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2. Raman Activity. ~ The strong Raman activity of the symmetric stretch (SS) motion ut
W, is easily understood, as is the reported? inactivity of the antisymmetric stretch (AS)
motion at W, (the other low frequency band edge in the CF CRN model). The atomic
motions? in W, and W, are shown in column A of Figs. 3(a) and (b), respectively.
Following Long,3 the basic rule is that Raman activity is allowed if at least one component
of the derived polarizability tensor a'(0) = (2a/3u), is non-zero, where « is the polarizability
of the unit, u is the normal coordinate of vibration, and O indicates evaluation at the
equilibrium position, u=0. For the normal modes at W, and W), the relevant unit is the
oxygen atom moving in special relation to its two immobile nearest neighbor Ge atoms,
again as depicted in column A of Figs. 3(a) and (b), respectively. The polarizability of the
unit is taken to be the sum (1 + 2) of separate contributions (1 and 2) due to the position
of the oxygen atom relative to Ge atoms 1 and 2, respectively. The variation with u, ¢ (and
ugg) is shown schematically n column B of Fig. 3. It is clear from Fig. 3(a) that the AS
motion necessarily produces an e which is even in u,s. Thus, as shown in column C,
a'(0)=0 and AS motion i8 Raman inactive. On the contrary, Fig. 3(b) shows that SS
motion produces an a which is not even in ugs, 8¢ that «'(0)»0 and Raman activity is
expected. (Using a bond polerizability model, Martin and Galeener’ have shown that
polarized Raman activity I8 zero at all frequencies of the CF CRN model for AX, glasses
except at W;.) The present argument supports the inference that strong polarized Raman
activity arises when like bonds are stretched identically and in phase with one another.

This idea is easily generalized to include the motions of atoms which are 1-, 2-, 3- and
4-connected in the glass network, as depicted schematically in Fig. 4. The motions ugg
shown are the SS motions of these atoms since they result in in-phase identical stretching
of the bonds. Motion at right angles to ugg gives no polarized Raman scattering because
o'=0 or, alternatively, because this motion results in out-of-phase bond stretching for
which the Raman shifted radiation interferes destructively. Thus, one should tirst look to
SS motions like those shown in Fig. 4, in attempts to assign the origin of strong polarized
Raman lines seen in disordered solids, not to wagging or rocking motions.

3. Acknowledgments. - The author is grateful to A. J. Leadbetter and R. M. Martin for
helpful discussion of portions of this work, supported by ONR Contract N0O014-80-C-0713.
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THE VIBRATIONAL SPECTRA OF CRYSTALLINE AND AMORPHOUS PHOSPHOROUS

F. Gompf and J.S. Lannin"
Kernforsehungsaentrum Karlsruhe, Institut fir Angewandte Kernphysik, D-7500
Karlsruhe, Postfach 3640, F.R.G.

* Department of Physics, The Pemnsylvania State University, University Park,
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Abstract.- Inelastic neutron scattering measurements are reported on polycrys-
talline orthorhombic black phosphorous (o~black P) and on amorphous red phos-
phorous (a~red P). The a-red P results indicate that the vibrational demsity
of states is composed of three distinct spectral bands, with gaps or pseudo-
gaps separating these regions. While the high frequency phonon band of o-black
P occurs near to that of a-red P, considerable differences exist at lower
frequencies. In particular the lowest band in a-red P is less structured and
shows a strong shift towards smaller energies i.e. a pronounced softening of
the lower part of the a-red spectrum is displayed. The vibrational demnsities
of states have been employed to determine the lattice specific heats and
Debye temperatures.

1. Introduction. ~ The structure of semiconducting black P is orthorhombic with lat-
tice parameters of a = 4.,3763 X, b = 10.478 £ and ¢ = 3.3136 & with four atoms per
unit cell. Black P has a typical layer structure with a large ratio of next neigh-
bour interlayer to intralayer distances of 1.61. This suggests a pronounced two di-
mensional character of this compound.

The semiconducting a-red P has only been poorly studied and its physical proper-
ties are relatively unexplored. Raman scattering and infrared absorption experiments
/1/ indicate that the structure of a-red P is appreciably correlated beyond nearest
neighbours rather than being build up from simple isolated structural units and it

was suggested that there exists a more local layer-like atomic arrangement.

2. Experiment.- To help clarify some of these interesting properties of both P modi-
fications we have performed inelastic neutron scattering experiments at TOF II, a
multi detector time-of-flight spectrometer at the research reactor FR2 in Karlsruhe,

The incident neutron energy was 5 meV. 60 He3

~detectors covered scattering angles
between 80 and 166 degrees. The experiments were carried out at room temperature.
X-ray and neutron diffraction measurements characterized a-red P to be totally

amorphous and o-black P as single phase orthorhombic.

3. Results and discussion.- The vibrational densities of states F(fw) for both modi-

fications were deduced from the scattering data and partially corrected for resolu-
tion of the spectrometer. Fig. | shows the phonon density of states for o-black P.
The very structured spectrum can be divided into two spectral bands:

s Supported by NSF Grant DMR 7908390
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(i) A lower part with four sharp peaks at 10.5, 16.5, 25.5 and 32.5 meV which
together make up about 50% of the modes in F(hw).
(ii) An energetically higher lying part which has a maximum around 55 meV and is
separated from the lower band by a gap at around 39 meV.

For this upper part of the spectrum the resolution of our spectrometer is rather poor

so that any detailed structure cannot be registered. The broken line in Fig. | shows
the second order Raman spectrum of o-black P from /2/ at 300K. It coincides nicely
with the position of our higher optical modes and reveals a number of peaks. The dif-
ference in width, however, cannot solely be explained by difference in resolution.
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Fig. 1 : Phonon density of states of or- Fig. 2: Vibrational denmsity of states of
thorhombic black phosphorous. Second or- amorphous red phosphorous. Infrared ab-
der Raman spectrum - - ~ from /2/ sorption - ~ - from /1/

Fig. 2 shows the vibrational density of states of a-red P. The spectrum is composed
of three distinct spectral bands with gaps or pseudogaps separating these regions: i
(i) About ome quarter of the modes of F(fiw) make up the low frequency part of
the spectrum. It has two peaks at 7 and 11.5 meV and shows a pronounced
shift towards smaller frequencies in comparison tc o-black P thus opening
a gap where the crystalline phase displays a considerable overlap.

(ii) A second quarter of modes in F(w) is given by the middle spectral band
which has a shoulder at 26 meV and a peak at 33 meV. For them we find cor-
responding peaks in the o-black modification.

(iii) The higher optical modes are separated by a gap at 40.5 meV and contribute
about 50X of the modes in F(fhw). Both gap and peak position are practically
identical «ith the ones found in o-black P.

The bdroken line in Fig. 2 gives the infrared absorption, a(w) from Ref. /2/ for ared
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P. The gap at 20 meV, the maxima in the middle part of the spectrum and the center
of the high frequency band correspond well with the neutron data. Again the resolu-
tion for the higher optical modes of the neutron scattering experiments is not good
enough to show details in this region while the low lying part of the spectrum can-
not be detected by infrared absorptionm.

The comparison of F(¥w) for both modifications implies that simple phencmeno-
logical broadening of F(hw) for the crystalline material does not yield a good re-—

presentation for the noncrystalline counter part, as it occurs in group 4 semicon-

ductors.
27T evlcat/mol - deg) M
6004
104 an1
Pamorphous (red) P orthorhombic (black) 400
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Fig. 3 : Lattice specific heats for Fig. 4 : The Debye temperature 6  for or-
orthorhombic black and amorphous red thorhombic black and amorphous red phos- :
phosphorous phorous i

.
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From the phonon densities of states we calculated the lattice specific heats Cv
which are shown in a log Cv versus T plot in Fig. 3. The o-black P curve is in good
agreement with the experimental values of Paukov /3/ after his Cp data had been
transformed into C, -data via the Nermst-Lindemann formalism . Similar to some other
layer lattice structures a-red P shows a region where c, ~ T2 holds which is comsist-
ent with the low effective dimensionality of this system as proposed by /1/.

In Fig. 4 we compare the eD(T) versus T curves deduced from F(hw) with values

B S T U S P

calculated from direct measured specific heat data. The softening of the vibrational
spectrum of a-red P for small energy transfers leads to considerablf smaller 6D~vn1-
ues than o~black P at low temperatures whereas both modifications are practically
identical above 200K. Considering the seénsitivity of this comparison the agreement %
with OD-vnlues determined from directly measured specific heat data for o-black P
/3/ is excellent. A comparison for a-red P is only posgible for 300K from a cp-value
of /4/ since to our knowledge other measurements do no exist.

References: /1/ B.V. Shanabrook and J.S. Lannin, Proc. of the lbth Int. Conf. Phys.
of Semiconductors, Edinburgh (1978)

/2/ J3.S. Lannin and B.V. Shanabrook, Proc. of the Mth Int. Conf. Phys.
of Se-icondnctpta, Edinburgh (1978)

/3/ K. Paukov, Zh. Piz, Khim 43 (1969)
/4/ K.A. Gschneidner, Jr., Solid State Phys. 16 (1964)
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TIME-RESOLVED PHONON SPECTROSCOPY OF AMORPHOUS As;S;3

U. Strom, P.B. Klein, K. Weiser and S.A. Wolf

Naval Research Laboratory, Washington, D.C. 20375, U.S.A.

Abstract .- Phonon pulses which were optically induced in thin evaporated films
of amorphous As,S, have been studied with a superconducting NbN bolometer. The
observed mu.ﬁé and diffusive heat propagation provides a measure of the
phonon mean free path (m.f.p.). The results are related to the microscopic
structural order of the chalcogenide glass as evidenced from previous optical
and structural studies.

The present experiment examines phonons which are induced optically in thin
evaporated films of the chalcogenide glass A'ZSB‘ The glass films are deposited on
one side of a 1 mm thick sapphire disk. A NbN superconducting bolo-ete!:l (1 mm x
1 mm) deposited on the other side of the disk serves as a phonon detector. The time
resolution of the experimental system was determined by measuring the ballistic
phonon response induced optically in a 2008 thick NbN metallic film. The bolometer
regponse for an 8nsec incident optical pulse of )\ = 57968 with total energy of
3.5:10-‘ joule/pulse is shown in Fig. 1, Further details of the bolometer can be
found in Ref. 1.

Fig. 1. Bolometer response for optically heated
NbN metsal film, Spike near t=0 due to direct
bolometer heating by partiaslly transmitted laser
pulse. Bolo_-.fﬁer response time estimated to be
less than 10 sec (see Ref. 1). Delayed pulses
represent ballistic TA and LA phonons propagating
through 1 mm thick sapphire.

The bolometer response for a photo-excited A-233 film of thickness d~1.8 um is
showmn in Figs. 2 end 3, (Rote: the film deposition conditions were nearly identical
to those used in previous optualz and structural ltudiel.3) Por light with wvave-
length A = 48828 we find that the product of absorption coefficient a and film thick-
ness d is ed~0.7. This value of ad typifies the glass after photodarkcnm.."'s
{.e. the thermally reversible photo-induced band edge shift which is on the order of
0.1 a¥ towmard the red. None of the phonon parameters discussed in this paper were
sffected by reversible photodarkening. As seen in Figs. 2 and 3, heat propagation in
amorphous u233 at T = 11.5X is predominantly diffusive. The ballistic components
at 0.1 and 0.2 xsec are not due to phonon propagation across the entire width of the

:
!
i
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Fig. 2, Bolometer response for optically Fig. 3. Long time bholometer response
heated Aazs film., Ballistic pulses as due to diffusive phonon transport in
in Fig. 1. “Peak at 0.35.usec due to ”283'

reflection from bolometer electrode,

£1lm, but are due to phonon generation by the partially transmitted light in the
region of the glass film closest to the sapphire substrate. The ratio of the inte-
grated ballistic to diffusive phonon signals yields the phonon m.f.p.\ in amorphous
As,S,. The number of ballistic phonons Iy~ n.\e-‘d. vhereas the number of diffusive
phonons is given by ID ~ l-e'(d-”. Since A«d we obtain to a very good approximas-
tion for the ratfo of ballistic to diffusive phonon production R-IB/ID-c.\I(e"d-l).
We have measured R and e for laser wavelengths \ from 47718 to 50408. The values of
ed ranged from ed = 1.29 at A= 47718 to ad = 0.26 at A~ 50408, The values of A
obtained with these results were A =140:30% (for d = 1.8 um). In an alternate
geometry,light was incident through the semitransparent bolometer. For A =4000%
l1ight, & ~1.6x10°ca™}. From the measured value of R = 0.2 we deduce A 1608. We
conclude that A is essentislly independent of exciting light wavelengths between 4000
and 50008. This suggests that the thermalization time of the majority of the opti-
cally excited electron hole pairs is faster than the present 10‘7 sec time resolution,

In Fig. 4 various measurements of A for glassy Auisa and sto2 are compared. The
lower two curves represent A('l').3KICVD. where the thermal conductivity K, specific
heat C and Debye sound velocity vp Ve obtained from low temperature thermal measure-
6.7 The upper curve in Fig, 4 {s the phonon m.f.p. at TolK as a function of
phonon frequency fb' msasured for 81.0z by Dietsche and Ki.ndcr8 using monochromatic
phonon generation techniques. Temperature and frequency scales are related dy hfb-
3kT. As seen 1in Fig, 4, A odtained from thermal measurements is generally smaller
by & factor of 3-5 than A obtained with the other two methods shown in Fig. 4. The
cause for this difference cammot be addresaed here. We will rather speculate on the
nature of the scattering which gives rise to the a~g 29 frequency dependence
observed detween fn-mo snd 300 GHs in stoz. with vhich our result in Al283 at 11,5K,
or at the equivalent phonon energy of ~700 Giz, is consistent,

The -tro‘ tuquncy dependent scattering above £;-100 Gz has been attributed
variously to structural 1rmuhr1tlu.9 pbonon..m or tunneling ml.’ None of

ments,
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Fig. 4. Phonon mean free path in glassy 8102.
Aazs3 and an evaporated A-283 film,

these can be completely excluded. The importance
of considering the local glass structure {is
stressed here. There exists considerable evidence
for remnants of "crystal-like" or medium-range
order in the glass. Specific evidence for medium-
range order in Aszs3 was obtained from two-phonon

vibrat iomlm
11,12

and nuclear quadrupole resonance
studies, Additional information comes from
far infrared absorption measurements in glasses,
vhere correlation lengths €~108 for Aazs3 and ~208%
for S:lO2 can be defined, Such correlation lengths
represent an average spacing between static or

13

dynamic charges in the glass and can be a direct
Recently I’T:i.lli.psM has further advanced the con-

cept of medlum-range order with specific topological proposals. Ribbon-like poly-
meric structures (rafts) proposed for Aszs3 do indeed exhibit a dominant width of
~10% which 1is comparable to£. Phonon acattering would deviate from Rayleigh-type

scatter ingls «~f
vp=l.7 x losc-/ sec

-4

1

for spheres) for phonon frequencies f 2VD/Zrl. For £=10% and
this yields f 2300 GHz. More detailed estimates will be compli-

cated by inelastic ptocecula as well as the high anisotropy of the scattering struc-

tures,
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LOW-TEMPERATURE ACOUSTICAL PROPERTIES OF Na DOPED g—Al,04

J.~Y. Prieur, P. Doussineau, C. Frenois, A. Levelut and R.G. Leisure®

Laboratoire d'Ultrasons, Université Plerre et Marie Curie, Tour 13, 4 place
Jussteu, 75230 Paris Cedex 05, France

* Department of Physice, Colorado State University, Fort Collins, Colorado 80523,
U.S.A.

Abstract. — We measured the attenuation and velocity variations of ultrasonic
waves, propagating parallel to tie conduction plans in a Sodium doped 8 Alumi-
na crystal. The three pure modes have been used. The results are well explain-
ed in the framework of the "two level system" (TLS) theory developed for
amorphous compounds for all the temperature range studied (T < 70 K). In the
lowest range of temperature we observed the logarithmic variation of the velo-
city (T < 5 K). Then for 15 < T < 70 K, we observed a linear variation of the
velocity and a plateau for the attenuation variation, the height of which
increases as the first power of the frequency. We clearly identified this
plateau with the one which was theoretically predicted for the part of the
sound attenuation due to the relaxation of the TLS and which is a direct proof
of the distribution of the coupling constant for TLS of given energy. However
we show that the relaxation of the TLS involved the direct process for T < 10K
and the Raman process for T > 15 K. The consideraction of the Raman process
and of the elastic anharmonicity let us explain the velocity variations in all
the temperature range studied. [1]

[1]) Amorphous~like acoustical properties of Na doped 8-A1,0,.
P. DOUSSINEAU, C. FRENOIS, R. G. LEISURE, A. LEVELUT and J.-Y. PRIEUR
J. Physique 41 (1980) 1193-1211,

Tl s WL 0 kB T 4
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VIBRATIONAL DENSITY OF STATES OF AMORPHOUS AND CRYSTALLINE LIQUID
CRYSTAL SUBSTANCES

A.V. Bielushkin, I. Natkaniec™, V.K. Dolgnnov' and E.F. Sheka’

Joint Ingtitute for Nuclear Research, 141980, Dubna, USSR

* Institute of Solid State Phyeics, Acad. of Seiencee of the USSR, 142432
Chernogolovka, USSR

Abstract. - We have measured by the TOF neutron spectroscopy method the am-
plitude-weighted frequency distribution function of the glassy and crystalline
phases of the EBBA, MBBA and PAA compounds. Evident changes in the vibratio-
nal density of states in the frequency range up to 300 cm~! are observed when
passing from the amorphous to ordered crystalline phases. The partly deutera-
ted dg-PAA spectrum have shown that these vibrations are due to translational
and librational motions of the whole molecule and due to low frequency oscil-
lations of the end groups of the molecule.

Liquid crystal (LC) substances dependent on their thermal history may form different
solid modifications. The PAA, MBBA and EBBA compounds are the most frequently studied
LC substances and they are known to have different polimorphic crystalline phases,
see ref.(1-3) and refs therein . By the fast cooling of the mesophase of these sub-
stances a glassy state (GLC) is formed. The X-ray and neutron diffraction methods as
well as optical spectroscopy ones were used to investigate these GLC mteriala(z's).
It has been shown that the moleculsr structure and order paremeter of the GLC are simi-
lar as in the nematic phase of LC. The GLC state is metastable at low temperatures and
may be transformed into the ordered crystalline phases without the melting of the
substance. This transformation can be stopped by the lowering of the temperature.
So, any intermediate partly ordered state may be studied. Since the GLC systems exist
at low temperatures, where the anharmonic effects and multiphonon scattering proces-
ses are strongly reduced, they are more suitable for dynamical studies, than LC sys-
tema. Here we present the amplitude-weighted frequency distribution function GH(G )(7)
of the GLC and crystalline states of the most popular LC substances.

The inelastic incoherent neutron scattering (IINS) spectra have been measured
using the KDSOG inverted geometry time-of-flight spectrometer at the IBR pulsed re-
actor of the JINR bubna‘®). The samples of EBBA, MBBA and PAA were poured in the
aluminum containers of about 0.8 mm thick and with the 180 x 160 mm rectangular cross
section. The GLC phases were produced by the dip in liquid nitrogen of the container
placed at the bottom of the helium cryostat. The IINS spectra have been measured at
5 K at seven scattering angles from 30° to 150° every 20° simultaneously. Recently
some of the IINS spectra from the MBBA sample were published'®’.

The measured 1INS spectra have been transformed into the GH(‘) function accor-
ding to the one-phonon incoherent scattering cross section formula. Such approxima-
tion is justified by the fact thet IINS spectra of molecular crystals belov 300 cu"l

%permanent address : Institute of Muclear Physics, 31-342 Krakow, Poland

|
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(10,11)

measured at 5 K agree well with calculated ones « The resolution function of

the KDSOG spectrometer in the mentioned frequency range does not disturb significant-

ly the GH(G) function. The singularities of this function correspond to those of the
function of phonon density of states(m'lz). So, we believe that the spectra pre-
sented here reflect the behaviour of the vibrational density of states in different

phases of the LC substances.

— S Fig.l: The hydrogen-amplitude

G.m [ ; N MOBA veighted density of states
¢ tes | GH(€) functions obtained
‘~-’\/\./\1 from the IINS spectra of dif-
4

ferent solid wodifications

of the MBBA (p-methoxybenzy-
lidene p, n - butylaniline)
compound.

A is the GLC sample obtained
from the isotropic liquid by
the fast cooling.

B is the GLC sample obtained
from the nematic LC phase by
the fast cooling.

C and D are the stable and
metastable crystalline modi-
fications, respectively (see
refs. 1 and 3),

€ is the neutron energy
transfer in cm-1 .

Horizontal bars correspond to

2 the FWHM of the resolution
eSS i — function of the KDSOG spec-
20 40 60 80 00 WO 4O = 200 300 o sm e trometer.

The G“(i) functions of the MBBA and EBBA compounds are shown in figs.l and 2,
respectively. Dne can see that the transition from the GLC structure to crystalline
order does not change significantly the GH(E ) functions. Thus the large changes in
vibrational spectra of the different soclid modifications measured by the optical
spectroscopy mthods(3'6) are due to the loss of spatial coherency of vibrations and
not to significant changes of the vibrational density of states.

i

Fig.Z: The Gy(€) functions of the
(p-sthoxybenzylidene p,n -
butylaniline) compound:

&n

A is the GLC sample obtained
from the nematic LC phase b
the fast cooling. Y

8 is the steble crystalline phese
(soe ref.’).

Y
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Fig. 3.: The G (£) functions of

v ~ - the PAA (p-azoxyanizo le) compo-
Swe [0 und:

20F PAA 4
L TesK A is the sample obtained from
\ 1 the nematic LC phase of the nor-
\ { wal d_~PAA (CH,-PAA) by the fast
cooling.

B is the stable crystalline
sample of the do-PAA and part-
| 1y deuterated d6-PAA (CDB—PAA).

The PAA spectra will be discus-
v/ sed in detail in the separate
publication by A.V.Bielushkin,
E.L.Bokhenkov, A.I.Kolesnikov,
I.Natkaniec, E.F.Sheka and
S.Urban.

.
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The essential changes of GH(E ) after the transition to the crystalline state
occur in low frequency region (€ < 300 cm'l). Vibrational density of states of the
GLC substances seems to be a linear function of frequency at £ - 0. In Fig.l the
slope of this function fitted to the spectrum of the sample cooled from isotropic
liquid is compared with the spectra of other solid modifications. The distinct maxi-
ma in the spectra of crystalline samples at the £ > 100 cm'l should correspond to the
internal molecular vibrations. These low frequency bands undergo a considerable broa-
dening when passing to the GLC state.

The comparison of the spectra of normal and partly deuterated samples of crys-
talline PAA (see Fig.3) show us that the lattice vibrations of this substance cut-
of f at about 140 un'l. The internal vibrations of this molecule in the frequency
range below 300 cn'l belong mainly to the oscillations of the end-(:ﬂ3 groups. We ho-
pe that the study of the IINS spectra of partly deuterated LC substances will help
in the assignment of these oscillations and will serve to the better understanding
of molecular conformetions in different modifications of these substances.
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ULTRASONIC ABSORPTION AND DISPERSION IN AMORPHOUS SUPERCONDUCTORS

W. Arnold, A. Billmann®, P. Doussineau®, C. Frenois® and A. Levelut®™

Fraunhofer-Institute, 6600 Saarbriicken, F.R.G.
*Univeraité Paris VI, Laboratoire d'Ultrasone, 75230 Paris, France

Like disordered insulators, amorphous metals contain tunnelling centers (TLS) which
dominate their low-temperature properties. This has been shown mainly by ultrasonic
experiments /1/. In contrast to amorphous insulators, tunnelling centers in a-metals
relax very rapidly due to their coupling to electrons /2/. It is obvious, that this
coupling could be verified in amorphous superconductors.

The effect of superconductivity on the acoustic properties of a-metals has been cal-
culated recently /3/. For instance, the absorption of ultrasound is predicted to
drop rapidly for T < Tc relative to the value in the normal state. The origin of
this effect is explained in the following way: the acoustic wave perturbs the popu-
lation difference of the TLS and therefore gives rise to a relaxatfonal process. In
the normal state the relaxation time Tl of the TLS is extremely short because of the
strong coupling between TLS and electrons. Due to the pair condensation for electrons
this relaxation channel disappears in the superconducting state: Tl becomes longer
and the resulting attenuation is modified greatly.

In order to verify these predictions, an experiment has been carried out on a-Pdir
alloy (T, = 2.62 K), using longitudinal waves of frequencies wy2m.= .74 GHz and
1.3 GHx /4/. As expected, at very lTow temperatures (T = .4 K) the relaxation attenua-
tion becomes very small and magnetic-field dependent up to field strengths of the
order of Hep- Increasing the temperature, the attenuation rises rapidly and reaches
the mormal state value at a temperature ‘Tn which, surprisingly, turned out to be much
Tower than Te (Fig. 1). Here, we present an explanation of this unexpected behavior.
We show that it s necessary to take into account not only the relaxation of the TLS
by thermally excited quasi-particles still present at T <7, but elso the relaxation
of the TLS by thermal phonons. Moreover, it is necessary to invoive a stronger TLS
electron coupling than previously assumed. Furthermore, we corrvoborated these ideas
by carrying out an experiment fn a-CuZr with a Tow 7. {= .4 K), such that the role
of phonons becowmes almost negligible.
Our explanation of the experfments in PdZr is based on the following hypetheses:
8) When the relaxation of the TLS caused by the electrens is dominant (M >“c2" the
relaxation rate becomes so strong that even at the lowest temperatures ( .4 K)
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the condition wT} « 1 holds and the
attenuation is then weakly temperature-
dependent. This is a consequence of
the distribution function of relaxation
times P(T) inherent in the tunnelling
model, and T'l' is the fastest relaxation
time of this distribution.

b) When the relaxation of the TLS by elec-
trons is suppressed (H =0, T < T, ) ) )
the contribution of the thermal phonons o o2 o \ 2 s ©
to the relaxation rate becowmes noticeable.

At the Towest temperatures it manifests Fig. 1: Ultrasonic absorption in PdIr
itself by a T?-dependence of the attenua-
tion, indicating that as in insulators the one-phonon process dominates /5/.

c) At T >1.5K the relaxation rate even without any applied field is so strong that

wT? « 1 holds and a plateau is obtained for the attenuation.

[ ]

g m-g-num
~% ATTENGATION ieB/cmd

We have carried out mumerical calculations which can be found in detafl in /6/. For
the calculation of the relaxation attenuation we use the following equation /3/:

2

17! = WNXZ | d(BE) sech?|) )f.dI_B(TL (1)
ow /3 ﬁE 1.w ‘l'(g(ET}

Here N is the number of TLS per unit volume mfe:ergy. P is the density of the mate-

ria), v 1s the sound velocity, P= (KT)"), Y1is the deformation potential between TLS , l

and phonons . 2t is the Tevel splitting of the TLS. Similarly, the relative change ‘ '

of the sound velocity is given by:

avly = - % / dlf3E) sech?((3€) (2) ;

—dT Pl
» rewar 2{5,7')

In Eqs (1,2) the relaxation rate Tllis now deterwined by two wmechanisms:

1) by electrons (<T) and for T<T, by quasi-part’ es (essentially -<exp{-Tc/T) and
11) by phonons (-<T3) /5/. Assumng Y= 0.8 eV and a rather strong coupling of Pv)~
0.8 between electron and TS, we calculate the solid lines in Fig. 1 which agree very
well with the experimental curves. Having a closer ook to the behavior of the ab-
sorption in the vicinity of Tc, we can say that 1t is in particular the strong coup-
1ing of the TLS to electrons which dominates the relaxatfon mechanism at T , although 4
the phonons still contribute. Because uT. already « 1, the relaxation absorption
exhidits a platesu, whatever the nhntlon process wight be /5,6/.

T e

Ve have also calcwlated the relative variation of the veloctity of sound as a function ;
of temperature (£q.(2)), using the parameters deduced from the fit of the attenvation




R, T e

C6-39

(Eq.(1)). We added the contribution due to resonant e ——r———
interaction of the TLS with phonons, which varies _’" o0 ]
as C 1In (T/To). T, 1s a reference temperature. o

The result is that at Tc the velocity should show a
change of slope in contrast to behavior of the ab- :‘. 4
sorption. This can easily be explained. Provided l s

w T"l' « 1, the inner integral in Eq. (2) results in F{‘

ln(wTT(E.T)) /6/. Therefore the relaxation rate is
still explicitly present in the velocity through
TT, which of course contains the rapid change of Til
caused by the electrons at Tc, and the change of

Culr Tes . 4K
Shear wave pe M5 MMz w

slope depends on the relative weight of the phonon .

and electron processes. In order to verify this, we P} A
have carried out an experiment in the amorphous super- Tomparshee

conductor CugoZrao with a T = 0.4 K (transverse waves Fig. 2: Av/v in Culr,
W/2w = 740 MHz). As can be seen in Fig. 2, only the solid line: theory

familiar logarithmic contribution ( «<C In (T/To) due

to the resonant process plays a role below 200 mK. With increasing T, however, the
contribution of the relaxation process becomes noticeable. Because T, changes rapid-
1y with T, and also because the relaxation process decreases the sound velocity with
increasing T, the total change of velocity passes through a maximum and then de-
creases with increasing T. For T > Tc' however, 1’1 only contains the weak temperature
dependence due to normal electrons. Then, at temperatures for which wt™ « 1 holds,
Av/v is given by - C/2 In (T/To). Adding the contribution due to resonant interac-
wvon which is sti11 present, this results in a positive slope of exactly one half of
its magnitude at low temperatures, which we indeed observe experimentally.

In summary we have shown experimentally and theoretically that tunnelling centers

in an amorphous superconductor do couple to electrons as originally proposed /3/.
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ENTROPY OF DISORDERED SOLIDS AT LOW TEMPERATURES

R. Zeyher and R. Dandoloff

Max-Planck-Institut fir Festkdrperforschung, 7000 Stuttgart 80, F.R.G.

Abstract.- It is shown that the complete set of low-lying collec-
tive excitaS}Qns in a disordered solid yields in general a lead-
ing term «T in the entropy and the specific heat at low tem-
peratures.

Omitting electronic degrees of freedom the Hamiltonian of a solid
has the form

N

+>2
- =E PPO) o @), ..., a0 m
~ 2mm

The index ) counts the N atoms and M()) is the mass of the atom X .
ﬁ(x) denotes the displacement of the atom A from its rest position
§(°’(A), B(A) are the corresponding momenta and V is a general poten-
tial. Eq. (1) assumes implicitly that the U's are finite and there-
fore that no mass transport is possible. As a result Eg. (1) cannot
describe for instance an ionic conductor at high temperatures. At low
temperatures all the atoms of a solid however can be assumed to be
localized ( in an "ideal" ionic conductor for instance the atoms are
localized because of Anderson localization caused by unavoidable
small fluctuations in the periodic potential and the large mass). The
Hamiltonian (1) is therefore quite general for the discussion of low
temperature properties. It includes in particular cases where no har-
monic approximation exists or where the density of lattice sites and
the density of particles must be considered as independent variables.

The Hamiltonian of Eq. (1) has several branches of collective,
low-lying excitations caused by conservation laws and broken symme-
tries: a) The Fourier transform of the momentum density E(f) is con-
served in the limit k+o; b) The introduction of rest positions
i(o)(l) breaks the translational symmetry which is restored again by
the displacement variables (k) in the limit k+0; ¢) The energy densi-
ty e(i) is conserved for k-+o; d) Assuming an one-component solid the
total mass density n(k) is conserved for k+o.
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As a result of a) and b) there are three branches of propagating
sound waves with linear dispersion and imaginary part ¢k2. At low tem-
peratures they yield a contribution «T3 to the entropy which is the
usual Debye law. As a result of c¢) solids exhibit a collective diffu-
sion mode describing the dissipation of entropy. This mode has a weight
«az(T), where a is the thermal expansion coefficient. If the third
law of thermodynamics is valid, +;En= o and the corresponding contri-
bution to S is unimportant at low temperatures. Ref. 1 assumes %18
a(T) 4 o. It follows then from general thermodynamic arguments that
§ « T. However we can show that under rather general assumptions this
case will not occur in real solids s8%will discard it in the following.
d) yields ( for an one-component solid) an additional diffusion peak
which describes structural rearrangments of the atoms and has been
discussed in Refs. 2 and 3. Assuming that the corresponding suscepti-
bilities and the transport coefficient is nonzero at low temperatures
we calculate in the following the contribution of this diffusion mode
to S at low temperatures.

The leading term in the entropy at low temperatures can be calcula-
ted from the relation (kB=h=1)%

o

S(V,T) =/g§ xe*  A(xT,V), (2)

n X 2
4 (e™=1)

AMw,V) = -z E Im Gyg (A, A" swtin) Re(cg;(x',x,mm)) +
Aot ALB '

+ Im 1n( -G;;(A,A,w+in)) (3)

GaB(A,A',w+in) is the retarded Green's function associated with the

displacements uall) and uB(X). The inverse G'1 is to be taken with )
respect to the labels ()a,)2'B), 1ln is the logarithm and Im the imagi-
nary part. It is also understood that the spectral functions of G are
to be taken in the limit T+o so that the T~dependence is due to the
first argument of A ir Eq.(2).

Eg. (2) shows that the small T behavior of S is determined by the
small w behavior of A. Assuming that only the long-range spatial part
of G is important ( this assumption cah be verified later) it is possi-
ble to use for G in Eq. (3) only its "hydrodynamic part”. If the third
law of thermodynamics holds the energy fluctuations can moreover be
omitted at low temperatures. The interesting longitudinal part of G
agssumes then the form in k-space:
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N z + ka2
G(k,z) =

(4)
23 —zkz(a1+a2)+ka2(zz—azkz)

oy anda2 are static susceptibiliites: VG; and aqta, describe the
bare and the renormalized sound velocity, respectively. D is the trans-
port coefficient associated with the extra mode.

Transforming Eq. (3) into k-space and inserting Eq. (4) the k-inte-
gration can be carried out in the complex plane. The leading contribu-
tion AS to S is for a.<<a,:

1 2
2 V72
as = Lgis/vf—5) 132 (5)
384 21Da

where (¢ is Riemann's zeta function and V is the volume of the solid.
Because of C, = T §5/86T we find that the leading term in Cv should
also be uTayz. The next term in S is ¢T3 and contains in particular
the usual Debye contribution.

Experimentally extra contributions to S of the form aT® with
1 £ a £ 3/2 have been found in glasses, amorphous semiconductors and
metals, polymers, superionic conductors, and ferroelectrica? A charac-
teristic feature of these solids is that some of the atoms can make
"large”™ (i.e. of the order of the bond length) displacements. This
also is just a condition that the above extra mode should be impor-
tant2'3. Nevertheless the application of our theory to the above solids
is difficult because a4 and D are presently unknown an.. have so far
also not been calculated within theoretical models.

References:

1. P.V. Giaquinta, N.H. March, M. Parinello, and M.P. Tosi, Phys.
Rev. Letters 39,41 (1977)

2. P.C. Martin, O. Parodi, and P.S. Pershan, Phys. Rev. A6,2401(1972)

3. C. Cohen, P, Fleming, and J.H. Gibbs, Phys. Rev. B13,866(1976)

4. P. Fulde and H. Wagner, Phys. Rev. Lett. 27,1280(1971)

5. D.A. Ackerman, D, Moy, R.C. Potter, A.C. Anderson, and W,N. Lawless,
Phys. Rev. B23,3886(1981), and references therein.

T Ll o e e




_ag
JOURNAL DE PHYSIQUE
Colloque C6, supplément au n°12, Tome 42, décembre 1961 page C6-43

RAMAN STUDY OF THE ANHARMONICITY AND DISORDER-INDUCED EFFECTS IN
Gal_xAles

B. Jusserand, J. Sapriel, F. Alexandre and P. Delpech

Centre National d'Etudes des Télécommunications, 196 rue de Paris, 92220
Bagmeuwx, France

ABSTRACT.- Raman measurements of the frequency shift and profile

variations versus temperature are interpreted in termsof anharmo-
nicity and disorder. Several disorder activated longitudinal and

transverse acoustic modes have been observed and assigned. A des-
cription of their resonant behaviour is also given.

1.Study of the first~order Ramwan lines.~

The emergency of a low-energy tail in the LO-lines has been alrea-
dy reported in GaAlAs} In order to analyze the origin of this asymme-
try we have investigated the frequency and profile of the LO peak in

GaAs and Ga0.73A10.27As as a function of the temperature T.

The effective half-width T and the anharmonic shift A of a Raman
peak of frequency w are respectively given by Rel (1) and (2)

r = Fl + P3 (1)
A = BT + A3 + A4 (2)
F3 1s due to cubic anharmonicity and Fl is a damping independent of T
due to other attenuation processes. Ouartic anharmonicity is neglected
in (1) as it gives rise to higher order contribution to the linewidth;
A3 and A4 are the shifts due to cubic and quartic anharmonicity respec-
tively and BT is the contribution of the thermal expansion. The cubic
process consists of the decay of the optical phonon into two acoustic
phonons of frequency w/2 and of equal and opposite wave vector. For a-
coustic phonons whose wave vector is far from the Brillouin zone
edge, where frequency-independent density of states can be reasonably
assumed, one finds #.3
ry =13 Bnw/2y+] (3 83 = = T3 AlQ) (4)

n is the thermal population factor nlw) = [exp(hw/kT)-l] -1, q is the
reduced wave vector of the acoustic phonons involved in the process
and A(q) = [1/(4q‘) +1/0¢% +1/(2¢% + 179+ 1n (1/g =D]) /% (5)

Relations (3)-(5) are valid in the case of the LO and TO modes
in GaAs and in the case of the GaAs-type modes in Gal_xAIxAs where
q = 0.5. The constant B of equ.(2) is calculated from data of the lite-
rature relative to elastic constants, thermal expansion and Raman shifts
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under hydrostatic pressure in GaAs. One finds B = -0.58x10"2cm~1k~1.
Raman scattering experiments of the LO and TO modes in GaAs and of the
LO GaAs-type in Gao_73A10.27As have been performed3between 20 and 450K.
The peak frequency and the prcofile have been carefully investigated.
Fitting rel (1)~(5) to our experimental results, we found A4 negligible
with respect to A3 and obtained the values of Pl,Fg and 9 (= w~A is
the frequency of the phonon in the perfectly harmonic lattice) which
are reported in Table 1.

o
v a1 T3 a & o
cm cm cm
TO in 0 0.24 273 Table 1~ Parameters determined
GaAs by fitting our experimental re-
LO in sults” to relations (1)~ (5) :
0.28 0.26 297 the anharmonic contribution to
GaAs the residual low temperatgre
- damping is expressed by TIY.
GaAs-type , 0.28 287 3
mode for
x = 0.27

One can see that FS has the same value in GaAs and GaAlAs. The
anharmonicity is not affected by the disorder. The asymmetry of the LO
mode in GaAlAs is not a consequence of the anharmonicity. Complementa-
ry experiments on several samples for x in the range 0-0.5 have che-
cked that the asymmetry was temperature independent. It is interpreted
as a disorder induced effect, the low-energy tail being due to contri-
bution of LO phonons in the vicinity of k=0, whose energy is smaller.

A phenomenological model of this effect is given elsewhere 3,

2. study of the disorder-activated acoustic modes. As one approaches
the middle~range concentration in Gal_xhles, new modes appear in the
low-frequency part of the Raman spectra which are very weak and clear-
ly resolved only under resonance conditions. Such conditions were rea-
1ized in a Ga°.25A10-75As sample since the extrema at k = 0 of the
conduction and valence band are, for this composition, separated by an
amount of energy which lies in the range of the argon-ion laser emit-
ting lines. The results are given in Fig.l for the 4880 ; and 5145
laser lines at different temperatures. One can notice two sets of 1li-
nes : one around 200 c:m—1 which compares well to one already reported
(dotted line in Fig.l) generally attributed to the disorder activated
longitudinal mode (DALA) and the other, never reported before in
Ga, Al As, which is situated between 70 and 135 cm-l,_i.e. in the
short-wavelength transverse acoustical range and which we interpret

as a disorder activated transverse acoustical band (DATA). The peaks
I,11,III,IV,V of Fig.l have not a second-order Raman behaviour versus
temperature and one can notice that the variation of their intensities
are related to the difference between the energy of the incident pho-

vy
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ton and the value of the gap at k=0. The increase of these intensities
is only a consequence of the tuning of this gap to the incident liaht
when the temperature is made to vary. Peaks I-V are therefore first
order Raman lines which reflects the density of states . A linear in-
terpolation between the Y:lues of Wepa (L) and TTA(X) in GaAs and AlAs
gives : Yra(n) = 75 cm and YA (x) = 97 cm for x = 0.75.
These values are very close to the frequencies of peaks I and II, who-
se assignment is straightforward. Peaks IV and V situated at 200 cm-1
and 210 cm_l can be assigned as the LA(L) and LA(X) modes. Peak 1V is
the same as the peak reported in Ref.4 . Peak V is an additional one
which undergoes a resonance clearly stronger than all others. We report
in Fig.2 the intensity variations of the Raman lines at 80 K for five
Ar+ laser lines. The resonance behaviour of line I,II,IXIand IV is qui-
te similar to that observed for the GaAs-type and AlAs-type LO modes

in the allowed configurations though line V has a "forbidden resonant
behaviour". The polarized Raman study shows a rl symmetry for the DALA
structure as predicted theoretically. The DATA structure is preferen-
tially I‘1 polarized although the theory predicts strong components Flz

-

and T .. x=Q75 '

RELATIVE INTENSITY(Qu)

FREQUENCY-SHIF T{cnT) INCIDENT WAVELENGTH(A)

Fig.l : Disorder-activated longitudi- Fig.2 : Incident wavelength
nai-acoustic structure (DALA) and dependence of the intensity.
Disorder~-activated transverse-acous- XAlAs-type LO (FC).

tic structure(DATA)in Ga,; ,cAl, . As +AlAs-type 1O (AC).

Peaks I,1I,IV and V are assigned as O0GaAs-typs LO (FC).

TA(L), TA(X), LA(L) and LA(X) respec- ®GaAs-type LO (AC).
tively. APeak V (x10)

APeak I,IT,IV (x10) and III (x50)
FC @ Forbidden configura-
tion.
AC : Allowed configuration.
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PHONON-LINE-SHAPE AND DISORDER CORRELATION IN MIXED GaP,_,Asy

{ M. Teicher, D. Schmeltzer and R. Beserman

Solid State Institute and phyeics Dept., Technion, Haifa, Israel

Abstract. - The disorder of Gal’l_‘Asx is evaluated from the double phomon
spectrum and compared to the amorphous material.

Combinations between zone edge Raman active phonons are used to define the
disorder in a mixed crystal. These phonons have large "q" and therefore are
sensitive to spatial disorder. The change in line width and shape of the double
phonon spectrum of mixed GaP _xAs‘ is compared to the amorphous Raman width of the

pure components.

1

GaPl_an‘ has a two-mode-zone center and zone-edge behaviour. The second order
spectrum of th’l_xAsx is composed of combinations of zone edge phonons of GaP alone
and GaAs alone. Figure 1 shows the spectra of the GaP optical double phonons as a |
function of As content. With increasing "x" the spectrum is shifted and broadenmed, ‘
we shall focuss our attention on this broaden_ing. The same resuylts are obtained

for the GaAs double phonos spectrum.
o

The normalized Ramsn spectrum I@) 1s related to the phonon density of states g(ud

by: I(U) - z* C‘ .‘f)- ("\[«D’ -O-l) a,(u’)

g() is the double phonon Raman spectrum at half width., By fitting procedure,
Cyis taken as a phenomenological width. Figure 2 compares the double.phonon

spectum of GaP to the smorphous spectrum, the spectrum agrees well with the amorphous
one.

U i s My e d P 6

If we make the hypothesis that the disorder which is introduced by mixing GaP with
Gaas, is of the same nature than the disorder created by amorphisation, a correlation

should exist between the widths of th.-cal’l_‘hx spectrum and that of amorphous GaP.

On figure 3, we plot the GaP double phonen width as a function of As concentration
this curve extrapolates to the width of the smorphous materisl. This result can best {
be understoed by sssuming that GaP(GaAs) agregstes iato microcrystallite clusters, ‘
the other component prevents the propagstion of the GaP{GaAs) phonon from cluster to \




) Yo

c6-47

cluster . This results in the alternation and in the broadening of the
propagating vibrational mode. When the concentration of GaP (GaAs) is small
enough, the clusters are isolated one from the othet’ the barrier between them
is to high to be overcomed, this is the picture of an amorphous material.

INTENSITY (ARB UMITS )

RAMAN

WAVE NUMBER (cm-)

Fig. 1:- GaP double-phonon Rsman spectra for
different As concentrations in

GaP, As_.
l1-x"'x
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RAMAN INTESITY (ARS UMITS)

WAVE NUMBER (Cm-t)

Fig, 2:- Broadened double-phopon GaP spectrum,
compared to the amorphous spectrum of
GaP.
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¥ig. 3:- CaP double-phonon line-width, as a function
of As concentration in mixed G"l-'x“x‘
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INELASTIC NEUTRON SCATTERING FROM AMORPHOUS Fe40Zr60 DOPED WITH DIFFE-
RENT CONCENTRATIONS OF KRYPTON (0,1,7 at.3)

F. Gompf, H.J. Schmidt and B. Renker

Kernforschungssentrum Karlasruhe, Institut fiir Angewandte Kermphysik, D-7500
Karlsruhe, Postfach 3640, F.R.G.

Abstract.- By means of time-of-flight neutron inelastic scattering techmiques
we have obtained the generalized vibrational densities of states G(fw) of un-
doped polycrystalline and amorphous Fe40Zr60 and of amorphous samples doped
with 1 and 7 at.Z Kr. The amorphous compound displays a triangular shaped
G@iw) which is very different from the strongly structured crystalline modi-
fication. Concerning the amorphous alloys, the energetic range of the addi-
tional Kr modes indicates that the Kr atoms are embedded in their host matrix
as single atoms or perhaps small clusters and not as bubbles as was found in
metals.

1. Experiment.- We have produced amorphous Fe40Zr60 undoped and doped with 1 and
7 at.% Kr using a triode sputtering system as described in /1/. The structure of our
samples was checked by neutron diffraction. No Debye-Scherrer-lines were observed
showing the amorphous state of the materials. By means of inelastic neutron scatter- i
: ing techniques from powder samples we determined the generalized vibrational densi-
. ties of states Gw). The experiments were carried out at the FR2 research reactor : I
in Karlsruhe using the multidetector time-of-flight spectrometer TOF II. The inci- i l
dent neutron energy was 5 meV, the 60 Heg-counters covered scattering angles between ’
80 and 166 degrees.
To crystallize the alloy we heated an amorphous sample up to about 700°C in UHV.

e v e e

Neutron diffraction revealed that the material had completely crystallized. The

s Eo s @ i

1
¢
i

largest amount had transformed to FeZr, a tetragonal CuAl, (C16)-type structure /2/

i~

but also minor parts of other phases were pres: ~i.

2. Results and discussion.- In Fig. | we show the time-of-flight distribution (back-
ground subtracted) of three amorphous Feé0Z2r60 alloys containing O-1 and 7 at.X
krypton. Towards smaller energy transfers we register a strong enhancement of inten- i

sity with rising Kr concentration. In fact even the sample doped with | at.X Kr al-
ready shows a well defined increase. From these scattering data the generalised vi-
brational densities of states were deduced. They are shown in Fig. 2 together with
Géfiw) after crystallization of the undoped alloy. Amorphous undoped FedOZr60 has a
triangular frequency distribution which peaks sround 20 meV and extends to 40 meV.
Astonishing is the fact that there is no Debye like behaviour in Giw) down to our !
experimental limit of | maV, This shape of G(fw) is very different from the phomon
density of states curve of the crystalline modification where a pronounced decrease




C6-50 JOURNAL DE PHYSIQUE

b FGwZIw
oo FeypZrg { YWakKr)
we FepZre (7% Kr |

'\. Tomavi ]
PG

~
tme of fight

0 s 0
- O (mav]

counts —e

0% oy, &

tal Y “u,

40 twwimev]

&

Fig. 2: Comparison of the vibrational densities of
states of crystalline Fe40Zr60 A&-A with that of the
amorphous alloy:e-e undoped,i¥-@doped with 7 at.Z Kr

Fig. 1: Time-of-flight spectra
of amorphous Fe40Zr60 with
different Kr concentrations

of intensity is registered below 17 meV with a dip at 6.5 meV and a rather sharp
peak at 13 meV. The maximum of G(fiw) is shifted to higher energies and now centers
around 23 meV while the cut-off frequency remains the same i.e. 40 meV.

Amorphous Pe402r60 with 7 at.X Kr exhibits additional intensities from 1 meV up
to 20 meV with a maximum of 10 meV. From scattering power considerations these modes
have been attributed to the Kr atoms i.e. one expects an intensity gain of approxi-
wmately 5% for the doped sample which is nicely confirmed. For solid Kr the frequency
spectrum ends at 6 meV /3/ whereas we obtained a much harder Kr spectrum which is
shown in Fig. 3. From this we conclude that the force constants between Kr and the

transition metal atoms must be about 10 times larger

“FJ[ . i than the forces in solid Kr. If Kr was enclosed in
] N its host matrix in the form of bubbles it would be
o . in its liquid state due to its critical temperature.
zl As the dynamical forces then were of the Van de
e [ill-vme w
\}: Waals type they would be even weaker tham for the
| | solid state. From this we conclude that the Kr-atoms
) s s 8 2 are embedded as single atoms or at most as very

Eloav]
small clusters in the amorphous hoat matrix.

Pig. 3: The Kr vibrations
In amorphous FeéoEr60
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LOCAL ORDER AND DYNAMICS IN LIQUID ELECTROLYTES : SMALL ANGLE NEUTRON
SCATTERING

G. Maisano, P, Migliardo, F. Wanderlingh, M.P. Fontana*, M~C. Bellissent~FPunel'”
and M, Roth***

Istituto di Fisica and G.N.S.M., Messina, Italy

*Istituto di Fisica and G.N.S.M., Parma, Italy
**Labo. "L. Brillouin” Orme des Merisiers, Gif-sur—Yvette, France
**r.L.L., 38000 Grenoble, France

The existence of dynamically correlated regions of intermediate range
of ordering was verified for ZnCl; solutions in D0 by means of small
angle neutron scattering. The data also show the presence of two
characteristic lengths in the solutions for solute concentration
below about 3 Molar. At higher concentration, the secondary 'bump"
due to the interference of these two distances disappears, indica-
ting perhaps a percolation threshold. Such result is confirmed by the
detection of a characteristic length in the small angle spectra of
pure D;0.

Aqueous solutions of strong II-I electrolytes have been investigated
for some time because of the unusual and strong structure making ef-
fects they show (1). At sufficiently high concentrations, the local
structure in the liquid is imposed by the solute and turns out to be
very similar to the corresponding crystalline structure (EXAFS measu-
rements). Raman and inelastic neutron scattering spectroscopy (see
also papers Bl-6 and D1-4 at this conference) show the existence of
solute-connected collective vibrational excitations which indicate
that the range of odering may extend well beyond the mean interionic
separation. These effects may be particularly evident in InCl; solu-
tions, and the contrast between ordered regions and the remaining
fluid sufficiently high to make the intermediate range dynamical cor-
relations detectable by small angle neutron scattering.

For monodisperse, spherical, non interacting ""regions' the
Guinier approximation to the structure factor yields:

1,2
s % ¢
CO,,(QJ!Q’O& exp (- =5, ¥

i.e. for Q =0, the scattered intensity should rise exponentially.
Independently of the details of the Guinier approximation, such a
rise will be indlwative, in a hoMogeneous. system, of density or
concentration fluctus?loms spacisl correlations, with characteristic
range Rg. .

Although we performed measurements on InCl;, CuBr;, NiCl, solu-
tions, here we shall discuss mainly the data we obtained for inClz
in D;0 and pure D;0. '

e e <o 2+ e e M =~
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Experimental

We have used the D17 and D11 small angle cold neutrops spectro-
meters at I.L.L. Grenoble. The working wavelength was 10 A and the
9 ranges spanned were 0.019< Q< 0.25 -1 (with D17) and 0.002 ¢Q ¢0.25
A-l (with D11). Solutions here held in a 2x2x0.1 cm fused quartz
cell at room temperature, and were prepared by standard methods.
The data were corrected for empty cell, detector efficiency, sample
absorption.

s s 70!
1800l
{
e}
1
o]} o
§ ook :XQQMBQ
5 zztoa‘ r‘f
1
§m_“ /1' Fig.1l - Small angle data in
£ ’ CuBr,, NiClp, ZnCl,
260}~ 0l NiCL, J solutions in D,0.
\pe o 4 The molar concentra
o _,‘( tion is 0.1 of the
weot-4 R saturation value.
L 2nCL,
N ey
C .‘ﬁ [ ] H 1
003

*
G0 X 020 025
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In fig. 1 we show the Sc,;(Q) behavior at intermediate values of
the "small angle" region (data obtained with D17), for ZnCl,, N1Clz,
CuBr; solutions at 0.1 of the saturation concentration. Note the rise
for Q=90 and the bump at ca. Q =~ 0.1 A-l. The rise for larger Q's
is due to the tail of the metal-metal correlation peak and the stron-
ger but more distant water peak in the structure factor. The study
of Scon(Q) vs concentration shows that the bump disappears for con-
centration higher than about 3 Molar for ZnClz in D0 (Fig. 2).

Zn CLjn D0

g o )

Totol neviven osunts
$
"
2
-

A o i m © 7

Fig.2 - Small angle scattering data for ZnCl, solutions at
various concentrations. The case of pure D,0 is also
shown.
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These results indicate that:

- In the solutions there are dynamically correlated regions with fair-

ly well defined range d_.

- The secondary maximum suggests that such regions are themselves spa-

cially correlated with a characteristic distance d.

- Using a dumbell model (Guinier) to perform a preliminary analysis
of the spacial correlations yielding the observed Scoh(Q) shape,
we obtain d,/da~0.7 with d 50 X for c = IM.

- The regions loose their identity and merge into an "infinite clus-
ter” at c A3M. This effect may indicate the existence of a percola-

tion limit in this system.

The small angle spectra obtained for D,0 confirm the validity of
the application of percolation theory concepts to these systems.

Since the data shown in Fig. 1 for D;0 were not sufficiently accurate,

we repeated the measurements using the high resolution D11 spectrome-
ter. Actually the measurements were repeated for the solutions also,
and the data are still a under analysis and will be reported else-
where. The data for D,0 show a clear rise of Scoh(Q) all the way to

0.01 A-1, X
da (stoivy wee 0,0 Te 293 °g
‘e —c Gumite Bir 4iTe Re~ 36 A
L ]
]
Fig.3 - {-
Very small angle scattering 11
for pure D,0 (Guinier plot). .
LY 20 2 a
't . e —ri .

] 3 a%ﬁ*FFﬂ* t N
In Fig. 3 we show a Guinier plot of the data. From the slope of the
straight line fit of Sco(Q) for Q3% 0.01 A"l we obtain
=1
Rgz 35 A (2)

This result confirms and extends to low Q's the results obtained by

Bosio et al. (2) by -eansoof Small Angle X-Ray Scattering (their .

lower Q limit was ~0.015 A1), which they interpreted in terms of

the recently proposed site percolation model for water (3), in which

tetrabonded sites tend to clustérize (forming low density patches).

The sharp rise in Scop(Q) at the smallest Q's (which would

yield an apparent coherence length of about 600 1) is not understood

at present: it may be due to interfacial effects between water and

the cell walls.
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RAMAN SCATTERING IN ANNEAL STABLE AMORPHOUS SILICON

S.T. Kshirsagar® and J.S. Lanmin’

Department of Physics, Pennsylvania State University, University Park,
Pernsylvania 16802, U.S.A.

Abstract.- First order Raman scattering measurements are reported on anneal
stable amorphous Si prepared by chemical vapor deposition. The results
indicate substantial modifications of the Raman spectra relative to a-Si
prepared by other methods. The results indicate improved short range order
in CVD a-8i resulting from a narrowing of the bond angle distribution.
Similarties to "“1-:":( spectra suggest improved short order in the hy-
drogen alloys.

1. Introduction.- Lattice dynamical calculations of amorphous semiconductors as
well as metals have emphasized the important role of short range order on the
phonon density of states and it relation to crystalline solids.l A number of
models for amorphous (a-; Si and Ge have been developed in the past with the goal
of obtaining the radial distribution function as well as properties, such as the
phonon density of states. The implicit assumption in these studies is that one
correct model is appropriate for elucidating most of the physical properties of
these systems and that 'extrinsic' effects, such as void, defects and impurities
are responsible for the diversity of electrical and optical dau.z Detailed
radial distribution function (rdf) u:udina in a-Ge, in fact, indicated that
rather small changes in short range order arise with deposition conditions. In
addition, Raman scattering studies reported in a-Ge and a-Si prepared under a
variety of conditions have suggested that the vibrational and Raman spectra are
relatively insensitive to small changes in local ordor.‘ Recent interest in a-
811_"11x alloys has raised the question of whether H modifies local order in these
systems both in terms of saturating dangling bond defects, as well as modifying
the network structure. In this study we report on Raman scattering measurements
performed on the annral stable states of a-Si and a-Ge. As the anneal stable
atate is believed to correspond to that of lowest free energy prior to crys-
tallisation, it is of particular interest for models which consider energy re-
laxation in their construction as wll as for lattice dynamical studies. The
present results emphasize, in contrast to earlier studies, that considerable
‘intrinsic' variations in the vibrational density of states and Raman spectra
occur and that these are a consequence of small changes in short range order.
The results further suggest that the presence of H in certaim a-Si alloys results

r Sapported in pert by BSP Grant DNR 7908390 and by SERI Contract XS-§-9010-S.
. Fresent address: WMational Chemical lLaboratory, Pooma, 411008, India
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° 200 400 600 in an improved short range order.
i M * M T 2. Experiment.- Two forms of a-Si are
51 sptr. 0-Si

—— HH reported here, one prepared by conven-

-~ VH

@) tional planar rf sputtering at 7m Torr
a

onto a substrate whose temperature is

1w
o

~120 C, and a second form prepared by
chemical vapor deposition (CVD) onto
substrates above 520 C. The latter
samples were obtained from Prof. B. O.
Seraphin and have been extensively

St CVD a-Si { characterized.’ mheir u concentration

is ~0.2-0.7 at. 5. Raman scattering
(b) measurements were performed on a Spex

I (w)

3t 1 third monochromator systea using
5145 A excitation at room temperature.
s 1 3. Results and Discussion.- In Fig. 1
7 J the Stokes spectra of CVD a-Si is com-
pared to that of the film prepared by
0 200 400 600 rf sputtering. The spectra clearly
wcn™) indicate that substantial variations
in both the VH and HH Raman components

Fig, 1 : Comparison of the Raman spectra
of rf sputtered a-Si (T = 120°C)(a) occur in the anneal stable CVD a-Si

4nd CVD a-8i(b). The solid curves material. This is particularly mani-~
repreasent HH and the dashed curves VH
spectral componerts. fest by large changes in the width of , l
the high frequency peak centered at .
~475 cn_l which corresponds to the
crystalline TO peak of tha density of
-tatu-‘ In addition, the relative intensity of the low frequency TA-like peak
is considerably reduced in the CVD a-Si film. Such large changes in the Raman
spectra of a~Si contrzat with earlier measurements which suggesied no apparent
changes in the spectra with preparation condit.tonl.‘ Meek has performed theor-
etical cllcuution-s of the phonon density of states of a number of -odoll7 of a-
Ga that vary in short range order by their bond angle variations, Aem, as well
as topology. Theae calculations, which employed a modified bond charge model,
indicated that Aem and not topology (ring statistics) determined the form of
the phonon density of states. While these calculations were performed for a-Ge,
they are also applicable to a-8i, given similarities in short range o:dorz and
vibrational or Mnna spectra. The results of Msek imply that modifications of
the high frequency widths of the TO-like Raman band are attributable to changes
in Aem. Thus the increased scattering intensity at low frequencies as well as
the high frequency band width in the sputtered film indicate increasing disorder

relative to the anneal stable CVD material. The increased order in the latter is

2
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attributed to small changes in the bond angle distribution, since rdf measure-
ments in a-Ge suggest that rather small modifications of this parameter (~10%)
are likely. The decrease in the low frequency scattering for the CVD a-Si may
also be a consequence of changes in the Raman matrix elments, particularly for
the depolarised, VH component. In the limit of tetrahedral symmetry the depolar-
ized scattering from low frequency body bending type modes vanilhu.g Similar
trends to Fig. 1 are also cbserved in the Raman spectra of anneal stable a-Ge
prepared by annealing evaporated fim.m However, a more detailed analysis of
the stray light background is required at low frequencies for quantitative
chang to be de

The Raman spectra of CVD a-Si shown in Fig. 1 are similar in form to those
obtained by Tsai and Ne-anichn on a glow discharge deposited a-s:l.. ”H. 08 alloy.
In particular, the trend of decreasing TO-like width and TA-like intensgities is
observed. This clearly suggests that the presence of H in the glow discharge

deposited film improves the short range order relative to unalloyed a-Si prepared
by other methods at the corresponding substrate temperature of ~230 C. As the

CVD a-5i film is prepared by high temperature SiH 4
that both the high temperature as well as the presence of H or sinx intermediates
also influence the short range order. Some small differences in TO-like width of

~10% exist between the CVD a-Si and the glow discharge Raman spectra that suggest
10

decomposition it is possible

somevhat greater local order in the latter hydrogen alloy.
We wish to gratefully acknowledge Prof, B. O. Seraphin for the CVD a-8i
samples.
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VIBRATIONAL DYNAMICS IN IONIC LIQUIDS

F. Aliotta, M.P. Fontana”, G. Maisano, I. Migliardo, C. Vasi and F. Wanderlingh

Istituto di Fieica and G.N.S.M. del CNR, Universitd di Messina, Italy
*Istituto di Fieica and G.N.S.M. del CNR, Univereitd di Parma, Italy

In recent years, the chemistry snd the physics of tonic liquids as electrolytic
solutions and molten salts, have been widely studied because of the structural peculfarity
of these materials. In particular, as far as aqueous strong electrolytes sotutions of 2«1
transition metals ( e.g. NiCl ,Cuclz,CuBrz.NlBrz.ZnClz,ZnBrz) are concerned, thernuvdynamical
calculations, transport and acoustic measurements, EXAFS, X-rays and neutron scattering,
Raman scattering seem to indicate the possibility of a new point of view in describing the
physical properties of such systems. The latter ones appear to be " structure doatnated “
rather than " collision dominated". The above mentioned results can be summarized {n the
following points: (1) At very high concentrations the golute tends to form complex fons
of the MeXn2=" kind. Such a process fnvolved « 50% of the cations, while the remaining ones
diffuse together with their hydration shells. (11) Ion-ion and ionewater complexcs begin
to interact and the atructure of the hydrated crystals is locally reproduced . (1il) A
concentration (~ 2 Molar) does exist at which the structure imposed by the water and the
structure imposed by the solute become nearly equivalent. For this range of concentrations,
many physical quantities ( shear viscosity, ultrasonic relaxatfonal frequency, coordination
numbers and so on) show an anomalous behaviour., In the present work, we discuss the dyna-
mical properties of this system. In particular, VV and Vi Raman spectra, in the range
5 ¢ 500 cm”! and 2800 ¢ 4000 cm=! of Stokes shift, have been taken as a function of tempce- :
rature and concentration. For comparison, we have also performed measurements for SrClz
and SrBry in water, for the corresponding hydrated cryscals and for heavy water solutions.
The results obtained ( see refs.1,2,3,b and 5 for dotails) permit us to draw the following
conclusions: The low frequency spectra of all solutes studied ( with the exception of :
SrCly and SrBry) show a slowly varying distribution wvhich resembles a variational density of ‘
states. This solid-like contribution becomes Raman active by breaking the momentum conscre
vation selection rule.

Actually, the phonon density of states built up in this way becomes an effective
dengity of states which ip the convolution of the true vibrational spectrum with the mode
depending matrix elements. For digordered materials, as amorphous semiconductors,glisses,
superionics and asspciated liquids as 3203.8b013.H20 fn which the melting process gives
rise to the breakdown of only s small percentage of the golid phase bonds, the vibracional
modes seem to be collective in character. In our systems, in effect, at high concentrations,
the structure resesbles that of the corresponding crystalline states this evidence implies
the existence of interaction between the fonic complexes and the obtained density of gtates
i ts a convelution of * acoustical® and " optical” modes in a coupled complex structure with

MW EBYE e -, et g k-




C6-58 JOURNAL DE PHYSIQUE

middle range order. In effect the Metal-lalogen stretching bands are evident and lie
in the same frequency region of the corresponding modes of the hydrated crystals. (see

figel). In particular ( see fig.2) with a Jet-flow tech-

nique, it has been possible to detect, by changing
the Ainc., a presonance Raman effect related to the
Ag g band of che complex CuClg,z.,cencred at 290ca”!
of Stokes shift.

asCdCl, 25H,0 crystat
baCdCl, saturated

c=NICl, " i 3
- deSeCt, o g ¥
3 =0 . ?
-
Z i 5
g B, :
s H A a_. . % el
£ 3 ' PERE IS
s 3 [N ! e,
a : "'. : 'H“\«."r R
wl zero ol
[ g - % l-. ~
§ W ' A", :-' H s \
-E- \' m ‘?\,#/ .~. \."*"\
3 ] 2 Z.; '\\':.\ \m.__,
. TH e | ]
e S A N
A o o A lh g ’ ! e
M Py 3 < iy . \"*"--—-J
350 450 Lo .
RAMAN SHIF T {crm) o v
[} LY
Fxperimental Raman spectra foc the saturated ‘ \ ~
solutinns of (b) CdC1,, () CiCly, (B) Sty and for (e) w JIS
pure wates. Excitation power: 100 mW, counting time/ T
n:lmm;l '9.62«:: scan speed 100 cm™Y/sec. (The top spec- Tl 3% % 600 !
trum is from a single crystal of CdQY,, 0.2 SH,O (a). o ”SIOKES SHIFT Aw (cm™)
Fig. 1 (from ref. 1) Low froquency Raman spectss of CuCly wtution for

differont lines: 2: 5145 A; b: 4880 A; c: 4765 A, d: 4579 A.
In the insert the absorption is shown.

FPurthermore from the behaviour of the depola- Pig. 2 (from ref. 3)
rization ratio with the concentration (see ) i

fig.’), evidence has been found for a local SIncty wiutions :
structure transformation at ~ 2 Molar, where a ecy; ¢
solute dominated structure took over the water
dominated gtructure. Another interesting struce-
tural peculiarity appears when the anhydrous melt
and glassy of the same salts are {nvestigated. ;‘“--..._.__._.~
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Coacontrativa dop of the depolarization rat
# for CAC, ad ZnCly solutions wt 230 sml 268 e Naman
shihs, ‘Tospoctively.
-~ Pige 3 (From ref. 2) -




C6-59

Fig.h, in fact, shows that for glassy and molten
ZnCl, , the Raman effective densities of states
obtained by the 1°%P (W) , are very similar
both to each othe?"'a’nd to that of the saturated
aqueous solution. Furthemmore, in the case of
molten 2nCl,, our g:‘" (w) reflects the main fea-
tures of the neutron digpersion curves ( see fig.5)
quite well and strongly supports our initial hypo-
thesis that the vibrational dynamics of the systeam
are collective in character. As far as the high
frequency region is concerned, the studied of the
changes in the spectral ghape of the O-H stretching
band as a function of the solute concentration,

g InCiy molten

Anis Red Intensity Seff (a.u)

i confirm our interpretacion that a structure imposed
by the sollute does exist, in which the water mole-
s cules are strongly polarized.
f ]
R N e i .
) 100 %0 x 3t 2001y gassy
Stokes shiltwicm™ &
Anisotropie reduced Raman intensity wl
of molten ZuCl2 PO
. 9
Fig. 4a (from ref. 5) o
8
21
G
-t
3}
0
L}
E A, " I 1. A A A
3 200
w Stokes shilt wiem™) 30 ,

Anisotropie reduced Raman intemsity for : i
glassy Zn(:l2
Fi b (£ ref

The resulting effect {s a very large change of g. 4b (from . 5)
the O« H stretching region.
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Reprusentation of “average” dispersion curves (Rel. d°
36) on the right slde an §, (W) on the Lufh sidu, for Imoiten
ZnCly. o h
Fig. 5 (from ref, 5) L . o
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EFFECT OF A THERMAL ANNEALING ON THE LATTICE SPECIFIC HEAT AND THERMAL
CONDUCTIVITY OF SUPERCONDUCTING AMORPHOUS Zr ;gNi 54 ALLOYS

0. Béthoux, J.C. Lasjaunias and A. Ravex

Centre de Recherches sur lee Trés Basses Températures, C.N.R.5., B.P. 166 X,
38042 Grenoble Cedex, France

Abstract - We have measured the low temperature (from 0.1 K up to 5 K) specific
heat and thermal conductivity of an amorphous ZrNi superconducting alloy "as
sputtered” and after annealing. We observe a variation of the Debye temperature
and of the thermal conductivity related to a structural relaxation caused by
the annealing.

Two amorphous Zr' 76Hi-24 alloys have b“nA prepared by sputtering respectively at
nitrogen and room temperature. They are obtained in the form of thick films (100 um).
The nitrogen temperature deposited sample has then been annealed under vacuum for
24 hrs at 250°C (the crystallisation temperature determined by D.T.A. was 350°C). The
density measurement shows a slight increase for the annealed sample (see table) indi-
cating a tendency to a more packed structure.

Specific Heat measurements are reported in fig.l inaC/T versus ‘1'z

plot. From the
superconducting transition temperature (Tc = 3.2 K for both "as sputtered”" samples and
Tc = 3 K for the annealed sample) to the upper limit of our measurements (about 6 K)
the data are well fitted by a YT + 8'1'3 law. The values obtained for Y and B8 (see
table) by this analysis are checked by comparison of the entropy in both superconduc-
ting and normal state below Tc. The presence of the BT3 term allaws the determination
of a Debye temperature GD (see table) which is not possible in the case of amorphous
insulators, For both "as sputtered” samples f values are very close. For the annealed
sample the lattice contribution decreases corresponding to a variation of about 15 %
of the Debye temperature. This increases of OD corresponds to a hardening of the
structure. Unfortunately no sound velocity wmeasurements are available on such amor-

ettt T Mg M S

phous alloys in order to get an other determination of BD. But similar conclusions
have been drawn on PdSi glassy alloy (1).
Results of Thermal Conductivity measurements for both "sputtered" and annealed

nitrogen deposited samples are shown im fig. 2. The superconducting transition tempe-
ratures ‘l‘c determined in the specific heat measurements are reported by arrows : they
correspond very well to the change in the regime in the phonon—electron scattering due
to the rapid decresse of the number of normal electrons below Tee "
Below Tes both electron heat tramsport snd phomeon-electron scattering become
rapidly negligible.Then the phonon copductivicy l’.h is mainly limited by the interac-

tion with the low energy excitations and the sample boundary scattering. In fact,
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Fig. | : Specific heat before and

after annealing.

dashed lines correspond to the

w

Fig., 2 : Thermal Conductivity before

and after annealing.

The arrows indicate the superconducting
transition temperatures determined by
the specific heat measurements, The full
lines represent the fit of the data by
the phonon thermal conductivity limited
by both scattering due to TLS and
boundary scattering. The dashed line

TI'9 is drawn for comparaison.
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above 0.3 K we observe a Tl'9

like variation, characteristic in the amorphous mate-
rials of the resonant scattering of phonons by the two level systems (T.L.S.) : the
Casimir limitation just occurs below 0.3 K. The scattering of phonons by T.L.S. is
described as : 3 v

K k k'p ,r2 D
ph—TLS AZ —2
where n is the density of states of TLS strongly coupled to the phonons and M is an
average coupling constant of TLS with phonons. Using an average Debye sound velocity
vp obtained from the 6 value of specific heat measurements we determine the unique
4 adjustable parameter nH (see table). To the observed increase of 50 % of thermal
conductivity by annealing corresponds a significant decrease of nﬁz by a factor 1.35.
This variation is well correlated to a diminution of the TLS specific heat observed
in other experiments (2). Qualitatively these results are coherent and agree with a
theoretical model of structural relaxation developed by Banville and Harris (3) :
they assume that a TLS is a single atom moving between two or more alternate equili-
brium positions within a void of the structure. This model predicts a decrease of

TLS density with the disappearance of the voids during annealing.

References
: (1) Uichiro-Mjzutani and T.B. Massalski, J. Phys. F : Metal Phys. 10 (1980), 1093-
i 1100.
‘ (2) To be published in LT 16 Proceedings by the authors.
(3) M. Banville and R. Harris, Phys. Rev. Lett. 44 (1930), 1130. ,
. ! '
. as sputtered f
2ty, 760, 24 (both samples) snnealed i
3 i
p(g/em™) 6.85 ¢ 0.0} 6,95 t 0.0! H
4
1
Y(ni/mole £2) 8.151 0.2 6.30 2 0.1 ;
B(al/mole k%) 0.465 0.315 !
i
8,(K) 161 184
Vp(en/s) 1.47 x 10° 1.67 x 10°
iz(cr;/cua) 9.1 x 10’ 6.7 x 10’

Table : Experimental parameters.
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LOW TEMPERATURE THERMAL PROPERTIES OF CYCLOHEXANOL : A GLASSY CRYSTAL
SYSTEM

E. Bonjour, R. Calemczuk, R. Lagnier and B. Salce

Service des Basses Températures, Laboratoire de Cryophyeique, Centre d'Etudes
Nucléaires de Grenoble, 85 X, 38041 Grenoble Cedex, France

Abstract. - Specific heat and thermal conductivity measurememtson "glassy"
crystalline and crystalline cyclohexanol are reported. The glassy crystal
phase shows the same anomalous behaviour found in glasses at helium tempera-
tures.

Recently several experiments have shown that crystals containing structural di-
scrder can at low temperatures display the same kind of anomalous behaviour found in
amorphous solids. The study of this class of systems is a promising way to clear up
the microscopic origin of the excitations responsible for these anomalies. Glass 1ike
behaviour has been well established for some superionic conductors as LigN (1) and
g-alumine (2), irradiated quartz {3) and others disordered crystals (4).

In this paper we present the results of specific heat C and thermal conducti-
vity K measured between 1.5 and 20 K on a new type of disordered crystal ; namely the
"glassy" crystalline phase (crystal I [5 1) of cyclohexanol. We also present the re-
sults corresponding to the crystal III phase obtained by the recrystallization of the
previously measured "glassy" crystalline samples.

A "glassy” crystal can be obtained by cooling through a metastability region
an orientationally disordered phase such as the so-called plastic phases (6). At low
temperatures the orientation disorder becomes static in the experimental time scale
and on warming'we observe a glass transition phenomenon.

Plastic crystalline cyclohexanol is stable between 299 K (melting point) and
265 K but it is easyly supercooled and glass transition takes place around 150 K.
Polymorphism of cyclohexano! has been fully described by Adachi et al [5]. Prior
to the low temperature measurements we have performed a differential scanmning calo:
rimetry study on our product (Merck, Typanalyse) in order to determine the right
conditions to obtain the phasés investigated. Our results confirm those of Adachi. So
the crystal 11l phase was prepared by heaéfng the crysfél I up to 240 X and then co-
oling to low temperatures. »

The thermal conductivity K(T) was measured using standart steady state tech-
niques from 1.5 to 20 K. The major problem arose from the Yow melting point (299 X)
of cycloh(xado? which prevented us using a classical arrangement. The most efficient
way was to put the sample inside a PVC cylinder shaped cell (very thin walls) and,
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to perform measurements on the sample and the cell together. Next step was to mea-
sure K(T) of the cell. Taking into account the respective cross sectional areas of
the ceTl and the sample, it was possible to deduce the exact thermal conductivity

of cyclohexanol.

The specific heat measurements were performed, between 1.5 and 20 K using an
adiabatic differential method, operated at constant heating rate, as described in
previoys papers (6).

The specific heat results are display in Fig.l as a C/T3 versus T plot and
those of thermal conductivity K are represented in Fig.2.
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Fig.1. - Specific heat of cyclohexanol Fig.2. - Thermal conductivity of ¢yclohexanol
® "glassy” crystal I ¢ "glassy” crystal I
0 crystal III 0 crystal III

For camparison the solid and dashed lines
show the results of silica and selenium
glass (11terature).

Jdn both cases the shape of the curves corresponding to the glassy crysial s
{dentical to those found in glasses. The "plateau” of K around 5 K with a K value of
the order of 10”“Wem~3K™1 and the strong increase (faster than T3) of C at T = 3 K,
giving a peak in the C/T3 plot, are universal features of vitreous materials. In con-
trast the recrystallized samples behave as normal crystals. The origin of these ano-
malies in normal glasses is stili unknown and their occurency in a glassy crystal is
a useful result eliminating a certain number of possible hypothesis. As "glassy"
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cyclohexanol is a good crystal, in the sense that the molecular mass centers form
1 periodic lattice, the existence of large scale density fluctuations {7}, voids
) or some kind of free volume (9) which are sometimes proposed should be excluded.
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CONNECTION BETWEEN THE LOW TEMPERATURE THERMAL PROPERTIES OF GLASSES
AND THEIR GLASS TRANSITION TEMPERATURE

T. Klitsner, A.K. Raychaudhuri® and R.0. Pohl

Laboratory of Atomic and Solid State Physice, Cormell University, Ithaca,
NY 14853, U.S.A.

Abstract. Water doping of nitrate glasses lowers their thermal conductivity.
The effect, however, is smaller than expected on the basis of the increased
density of states of anomalous states observed in specific heat measurements.

Addition of foreign atoms or molecules to crystailine solids changes their
lattice vibrational spectrum, resulting in localized modes, resonances, and tun-
neling states. We are exploring whether similar effects can also be caused in
amorphous solids. As host glass, we have chosen nitrate glasses of the composition
40 mole % Ca(NO3)2 and Bozgzole % KNO;. ggpingswith LiNO; and KNO, up to their
solubility Timits, 6 x 10 and 4.4 x 10" cm™>, respectively, caused no discernible
effect on the low temperature specific heat of the glass (< 2% change),1 in contrast
to the doping of alkali halide crystals with Li+ or NO'2 jons, which results in Tow
energy tunneling states in many hosts.2 Doping the glass with water, however, at
concentrations between 1 and 3 x 1021 cm'3, increased the 1ow temperature specific
heat anomaly known to be characteristic for the amorphous state.l The increase
in entropy was found to scale with the water concentrations, but was approximately
four orders of m jnitude smaller than it would be if every water molecule would con-
tribute one tunneling state. Thus, tunneling (or some other kind of low energy
vibration) of the water also appears to be very unlikely in this case.

We did observe, however, that the specific heat anomaly of the water-doped
glass scales with the reciprocal glass transition temperature Tgs i.€.,

1

ag,c = Tg s with (")

- . 1.16
Cexc * €y ~ Cpebye = %exc 7 » (2)

see Fig. 1. Eq. (1) suggests that the low temperature anomalous states are a
wmeasure of the disorder frozen-into the glass as it solidified, as has also been
proposed independently by Cohen and Grest,3 based on the free-volume theory of
glasses.

In the present study, we have searched for a change in the low temperature
thermal conductivity in water-doped nitrate glass. Sample preparation, determina-
tion of TG and of the thermal conductivity have been described previously.l’z"

*Present address : Max-Planck-Institut fur Festk3rperforschung, Heisenbergstr. 1,
D-7000 Stuttgart 80, F.R.6.
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Fig. 1. The anomalous specific heat of 40/60 Ca(NO3)2KNO3 glass increases with
decreasing Tg resulting from doping with matesI aftsr Ref. 1. Water concentrations:

#1, 1.1; #2, 2.4; #3, 3.8; #4, 3.3, all in 10¢% cm Also shown is the therma?l
resistivity A-1 at 0.1 K, see right hand ordinate. The dashed line connecting the
two data points, obviously, is only an aid for the der. For equal changes in Tg,
agxc increases approximately four times more than A-1, Tg for the conductivity
samples is 339 K (undoped), 292 K (doped).
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- .
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Fig. 2. Percent relative deviation, defined as ("exp - A”t’“"dw)/“fit.undoped

of the measured conductivity of the undoped ("dry") and the doped (“wet") samples.

The best fit to the dry sample, Afit undoped * 1-82 X 104 11.9% (W <ol K1, with
T measured in K).
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The conductivity A, measured between 0.1 and 0.5 K, followed a power law for both
the doped and the undoped sample. For the undoped sample, A = 1.82 x 10'4 Tl'96

(in W em! K'l), while for the undoped sample, A = 1.69 x 1074 T1'96, i.e., 7%
smaller. The quality of the power law fit to the conductivity of the undoped sample
is shown in Fig. 2, which also shows the relative deviation of the data obtained on
the doped ("wet") sample relative to the power law fit for the undoped ("dry")
sample. The data for the doped sample are lower, on average, by 7% than the data
for the undoped sample. Both sets of data show a peak near 0.25 K, which we believe
to result from an error in calibration of our thermometer.

In Fig. 1, we have plotted the themmal resistivity A'l, at 0.1 K, for the two
samples. The error bars are those of the accuracy with which the sample geometry
was measured (+ 5%). It is seen that the increase of aoyc? i.e., of the density of
states in the water-doped sample, is larger than the increase in thermal resistance,
the latter being just barely outside the experimental error. Conceivably, the in-
creased density of states of the scattering centers is partly offset by an increase
of the speed of sound (which would increase the low temperature thermal conductiv-
ity), and/or by a decrease of the coupling constant in the doped sample. Measure-
ments of the speed of sound in these glasses, in progress in our laboratory, will
shed some light on these questions.

This research was supported in part by the National Science Foundation under
Grant #DMR-78-01560 and through the Cornell Materials Science Center.
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THE THERMAL CONDUCTIVITY OF SEMICRYSTALLINE POLYMERS AT VERY LOW
TEMPERATURES

D. Greig and N.D. Hardy

Department of Physics, University of Leeds, Leeds LS2 9JT, England

Abstract. - For polyethylene the temperature dependence of thermal conduct~
ivity decreases below a temperature T* -- in this cagse 1K -- from T2

to T. We now present experimental results on a lightly modified form of
polyethylene for which T* is raised to between 3K and 9K. There appears to
be a correlation between T* and the microcrystalline structure and we
speculate that for semicrystalline polymers in this temperature range
structure scattering is more important than 2-level tumelling.

The general trends of the temperature dependence of the thermal conductivity, k,

of semicrystalline polymers have been well-established between v 2K and room
temperaturel. We have studied in detail the influence of (i) <:r:yatalli.nit:y2 and
(ii) crystallite orientation3, and have found that above and below v+ 20K the
variations in k with these two parameters are completely different.- At the higher

end of the range the conductivity increases both with crystallinity and with

orientation. At low temperatures, on the other hand, the specimens with the greatest

crystallinity have the lowest conductivity with values at v 2K roughly an order of
magnitude lower than those found "univeréilly" for all amorphous polymets". Thesge
low values, furthermore, are to be more or less independent of crystallite
orientation.

This rather Qrmiic difference in behaviour is attributed to the conditions
arising at low temperatures when the phonon mean free path, £, becomes larger than
the dimension of the structural units. As the difference in demsity between
crystalline and aorphbh regions can be as great as 20% the "structure scattering"
of the composite polymer gives rise to a thermal resistance that is considerably
greater .than that of the amorphous material along. For these materials this
strycture scattering argument geems preferable to the 2-level phonop .scattering o
explanation that has been applied 8o successfully to materisls that are completely
mrpbouls’6. i ) .

At still lower tempexatures it is found that for polyethylene (PE) the
variation of k with T undergoes a sharp dscrease in slope, changing iat a temperature

T* from a dependence of about T1'8 to & veriation that is slmost linear. The .anomaly,
although towatds the lower end of the tamperatures, has beem clearly uubliM”s'g’

and has been explaimed by the dominant phonon wavelength, A, becoming greater tham
the thickness of the crystallites. Ia the latsst study it has been found to oceur

P
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at a higher value of T* ia a specimen of PE that had been extruded. It therefore
appears that we can define an "ultra-low" temperature range in which the orientation
properties of the crystallites are again of importance.

We are now reporting on some systematic studies of this effect by making
measurements on a modified form of PE, Rigidex 40, for which the values of T* are
conveniently rather higher. Rigidex 40 is an ethylene-propyleme co-polymer
containing 5 methyl side groups per thousand main chain atoms.

We have obtained 2 sets of measurements both showing very marked effects. In
the first (figure 1) we show the
temperature variation of Kk in the

extrusion direction for a set of
samples for each of which the
extrusion ratio was 15 but which
were extruded at 75°C, 100°C, and
110°C. Cormeliussen and
Peterlinlo have shown that
increasing the drawing tempera-
ture of PE from 40°C to 140°C
results in a dramatic increase in
long period, L, with values rising
from about 1708 to nearly 400%.
Although there are no published
data on extruded Rigidex 40, pre-
liminary experiments by Eopell
have shown the same trend. The
most important feature of figure 1|

is that the changes in k appear

only at very low temperatures. i . TENPERATURE (K)
In figure 2 we show the
temperature varistion of x for

100

Fig.l. Temperature variation of « in the
extrusion direction for samples of extrusion
various values of A in samples ratio 15 extruded ar: [ ],75°C; 0,100°C;

that have s11 been extruded at +.1109¢C.
100°C. Hope hes cUtained some indieation 'of a reduction in L with incressing A, but
we must slso consider an increase in the nusber of intercrystalline bridges created
during the extrusion process. From figure 2 we Nee that the conductivity is changed
both sbove 20K and at “ultra-low" temperatures.

Very generally we miy srgue thet the change in slope st T with falling
tempere. e indicates & trawition to a régime in which ths mean free path is

velatively ..ing; that is, @s the dominent phonon waveleugth, i, becomes longer,

phonon scattering is reduced. The results imdicate that this occurs at the highest

temperstures for miterial thet has been (a) extruded at low extrusion tewperatures
(tigure 1) and (b) extreded to the gredtest possible edtrusion ratio (figure 2).




This is entirely in accordance with the
observation that both of these processes
give rise to long periods that are
relatively small, with an implication that
the crystalline structure is then most
broken up. This results in less scattering
for 2 possible reasons. (1) When X becomes
greater than the dimensions of the crystal-
line units some form of Rayleigh
scattering takes place. When the density
of scattering sites is large interference
occurs between scattered wavefronts giving
a relationship £ = v™2, Combined with a
specific heat varying as T3 this leads to
K « T in agreement with the experimental
results. (2) On a more qualitative
argument orientation will tend to
'homogenize' the polymer making the
aworphous material more dense and the
crystalline component less so. The
specimen will thus behave more like an
awmorphous solid with fluctuations in
properties over a length 100 1. Morgan
and S-ir.hlz have shown that this leads to
a temperature variation of k of exactly
the form that we have found.

We should like to thank Dr P.S.Hope
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Fig.2. Temperature variation of x for
samples extruded at 100°C with
extrusion ratios: D_, 10(measured
perpendicular to the extrusion
direction); @(isotropic; 0,5; 4,10;
x,15; .17 —,20 (all measured
parallel to the extrusion direction).

and Professor I.M. Ward for their interest in the work and the SERC for continued

financial support.
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ATTENUATION AND VELOCITY CHANGE OF ACOUSTIC WAVES IN THE AMORPHOUS

METAL P4SiCu FROM 0,05 K TO 90 K

P. Doussineau

Laboratoire d'Ultrasons, Université Pierre et Marie Curie, Tour 13, 4 place
Jugsieu, 75230 Paris Cedex 05, France

Abstract. - Previous acoustic experiments in a-PdSiCu were extended. Attenua-
tion and velocity change were measured at various frequencies around 500 MHz
from 0.05 K to 90 K . The attenuation is interpreted as the sum of two contri-
butions : one due to the relaxation of the TLS and the other due to an activa-
ted process. The velocity change is explained with the same two preceding
contributions ; however it is necessary to add not only the resonant comtribu-
tion but also an electromic term varying as T2.

1. Experiments. — It is now well established that two-level systems (TLS) are pre-
sent in amorphous metals [1]. Among other experimental methods ultrasonic waves have
proved that they are one of the best tool to study TLS in amorphous metals. I present
here an extension of previous acoustic experiments in amorphous Pdg 775 Sig 165 Cug . 06
[2). The attenuation and phase velocity change of transverse acoustic waves at four
frequencies from 185 to 852 MHz have been measured in the temperature range 0.05 to
90 K . The results are shown in Figures 1 and 2 for the attenuation And the velocity
change respectively. The main features are : - in the temperature range below 6 K
the attenuation varies linearly with the temperature and with the frequency. -~ At
higher temperatures the attenuation still increases, goes through a broad maximum
near 20 -25 K and then decreai.s slowly (Fig. 1). A similar peak has been previously
reported in a Pd; 595 Sy 16529, 05 Sample for longitudinal waves [3]. - At the
lowest temperatures (T < 2 K) the velocity first increases roughly logarithmically
when the temperature increases (Fig. 2). This behavior is now well known for amc:--
phous metals [1]. - Then the velocity goes through a maximum and decreases on all
the temperature range explored (up to 70 K). This decrease cannot be said linear if
the entire temperature range (4 to 70 X) 1is considered, contrary to what was claimed
for the same material in the range 4 to 20 x [4].

2. Theory. — The preceding results are explained in the framework of the TLS theo-
ry. I recall here only the results useful to what follows. Details ocan be found else-
wvhere [1,5]. The resonant interaction betwaen TIS and ultrasonic wave leads to a ve-
velocity change given by Av/v. =CinT/ !’. , whaye T, is an arbitrary reference
temperature, v, the sound velocity, C = Py?/ pul with p the density, y an elastic
deformation potential and P the density of states of the TIS. Basides the resbnant
interaction, the elastic wave undergoes a relaxational .t@ution (and dtspinion) .
In terms of the camplex change of the elastic constant ¢ , it is given by

I
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where B = 1 /kT , E is the splitting between the two~levels, r = (A,/B')z with 4, the
tunneling matrix element {5], w/2% is the frequency of the ultrasonic wave, and 7, is
the longitudinal relaxation time of the TLS. T1 characterizes the return towards
equilibrium of the TLS population. In a metal two channels are possible, via the
thermal phonons or via the conduction electrons [1]. Consequently
2
- -1 -1 -1 axv Y
1'11 - (TIP] + [Tf“] where [T,P] = rk, T’[BE] cothg , with K, = Z L
2 [} v.S
n oh Uy
E|7? 8k 8E
(t = L or T stands for the polarization) and |T, = rk; T 5 coth5—, with

K, = ’2’—’{;(51(@)2 . P is the electric density of states at the Fermi level and K, an
electric deformation potential. In the general case the attenuation (o. = - Im -—]
and the velocity change (évi =1
Besides this first relaxational effect the acoustic attenuation in amorphous
materials generally presents a broad peak attributed to some activation processes
above energy barriers [6]. The corresponding change in the elastic constant is given

) are given by a numerical calculation.

1
Ae 1
c—o- - - I T3 Tardy n(lU) dU where € is the relaxation strength, T(U) is a relax-~

ation time given by the Arrhenius law T(U) = T, exp BU , n(U) characterizes the dis-
tribution of energy barriers U. Usually n(U) is taken as a constant. I found it is

2
better to choose a gaussian distribution n( U) = \/-—- < exp- sl where 0 has to be

202
determined by the experiment.
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3. Interpretation. — The whole set of results presented in Figures 1 and 2 is
described with the theory outlined above. C, K,, K,, €, T, and 0 are used as free
parameters in the numerical computation. In fact ¢ is given by the logarithmic
increase of the velocity at the lowest temperatures, while the product K,C is deter-
mined from the attenuation in the same temperature range [2]. It was possible to
obtain a good fit (shown by the solid lines in Fig. 1) of the attenuation results
when the attenuation due to an Arrhenian process with a gaussian distribution of the
energy barriers was added to the relaxational attenuation due to the TLS. The best
agreement was obtained with Cp = 5.5+107% , k, = 1.5+10'° x™! 57!,

K, =2°10°x 87! , €=4.4°10"" ,0=510""% exg and 1, = 3.5107'" 5.

Then the velocity change was calculated with the same set of parameters. The
logarithmic resonant contribution was also added. A good fit was obtained for temper-
atures up to 4 K. At higher temperatures the observed decrease of the velocity was
faster than the calculated one. A good fit (shown by the solid lines in Fig. 2) up to
40 K was obtained when a decreasing term varying as 1.6 ° 10°¢ 72 was added to the
three preceding contributions. Such a velocity variation was expected in a metal as
an electronic contribution to the elastic constant [7].

Thus a satisfactory agreement is obtained between the calculated curves and the

experimental results in PASiCu for both the attenuation and the velocity change at

| - various frequencies in an extended temperature range. From the preceding interpreta-
tion a question arises. Have the TLS and the particles involved in the Arrhenius
process a common origin ? The procedure given above assumes the answer is negative
because the different contributions of the attenuation (or velocity) are added. In
the opposite case not the attenuation (or velacity) but the relaxation rates have to
be added. Such a possibility has not net been explored, but it will be the purpose I
of further - -. - ch. l

[2) DOUSSINEAU, P., J. Physique Lott. 42 (1981) L-83, and references therein.
{3] DUTOIT, M., Phys. Lett. 50 A (1974) 221,
{4] BELLESSA, G., Phys. Rev. Lett. 40 (1378) 1456. : !
[5) DOUSSINEAU, P. FRENOIS, C., LEISURE, R. G., LEVELUT, A., and PRIEUR, J. Y., '
J. Physique 40 (1980) 1193. '
f 6] BELLESSA, G., J. Physique Coll. 40 (1980) C8-723.
, (7] ALERS, G. A., in Physioal Acoustice, edited by W. P. Mason (Academic Press,
i New-York, 1966), Vol. IV-A, p. 277.
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POLARIZED RAMAN SCATTERING STUDIES OF FLUOROZIRCONATE AND FLUOROHAFNATE
GLASSES

P.K. Banetjee(‘), B. Bendow(Z), M.G. Drexhage, J.T. Golmn'(’), 8.8, Mitra +(s)
and C.T. Moynihan**(*)

Solid State Sctiences Div., Rome Air Development Center, Hanscom AFB, Massachu-
sette 01731, U.S.A.

*Univereity of Rhode Island, Kingstom, Rhode Island 02881, U.S.A.

*Catholic Univereity of Amewioca, Waskington, D.C. 20064, U.S.A.

»

Abstract - We report polarized Raman spectra for a set of heavy-metal multi~
component fluoride glasses, containing the fluorides of hafnium, zirconium,
barium, lanthanum and thorium. All th‘i glasses have a dominant peak in their
VV spectrum in the vicinity of 580 .cm-! with a corresponding deep minimum in
their depolagization speftmn. The spectra are relatively depolarized from

near 200 cm-! to 400 cm~
1. lntroductiol{ - Mary reports have appeared recently dealing with preparation and
characterization of multicomponent heavy-metal fluoride glassesl, specifically
fluorohafnates and fluorozirconates, in which HfF4 or ZrFy is the primary consti-
tuent, the secondary component is BaFp, and the other components are the fluorides
of rare-earths, group III elements or altkalis (either singly or i{n combination).
One important prospective attribute of %hese glasses is continuous high transpar-
ency over an unusually wide range of frequencies spanning the mid-IR to the near
UV. In particular, the infrared characteristics are of interest for a wide var-
fety of applicatiens ranging from laser windows to infrared fiber optics. Here
we report selectad results of polartzed Raman studies aimed at obtaining infor-
metion about the fundamental vibratienal characteristics of this relatively new
family of glasses.
2. Experiment and Results « The glasses utilized in the preseat study were syn-
thesized at RADC and Catholic Univ. from high purity oxide or fluoride starting
materials utilizing procedures described in detail eisewherel. Samples several
cm in dismter and 2-4 mm thick were prepared: of compositions selected from the
conter of the glass formation regiens. These cempesitions, denoted as IBT, BT,
IBL and ML are indicated in Table 1. , :

Table 1. Flweride Glass itions.

4. Baf2 4 4 Laf3 .
L .- 33,75 - 57.5 8.7%
1T - TS 875 515 -
m ) 57.5 33.75 ok of - ) 8.75 -

BT 575 3.6 8IS - e
Polarized Ramsn spectra were taken 1n the 90° scattering geomstry utilizing
8 Spex 1400 Spactremeter 1n_conjuactfop. with an argon-fon lasgr.and & cooled RI130

photomuitiplfor; the spectral siit width was ~ 5 cm~l, The polarized VV spectra
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are shown in Fig. 1. A summary of the Raman data on these glasses is presented in
Table II. The corresponding depolarization ratio, o (which is the ratio of W to

YV intensities) is shown in Fig. 2.

Fig. 1. Polartzed VV Raman spec-
trum vs. frequency shift for four
fluoride glasses.

POLARIZED RAMAN SPECTRUM

cmredth

1
'
i
'
!

- INTENSITY (arbitrary units)

meevsncY swry (10” em-1)

Fig. 2. Depolarization ratio vs. fre-
quency shift for four fluoride glasses.

8 T L ]} | 4 3 2 1 (1]
FREQUENCY SHFT (10%catt

TabTe 2. @_Fa of Raman Etalcryx on Fluorozirconate and Fluorohatnate Glasses

v W Lo W v W w W
577v,p §78v,p 577v,p 578v,p
480w 490m 480m 480m,
490w 400m 400w 400w 390m 380m
250m 260m  250m,sh  250m 235w, sh 230w,sh
200w 200m 200w 200m 200m: 200m,sh
160m . 160m 160m
100m 106m -
Sysbels: vsvery strong, ppelerized, wemedium, w-wesk, sh=shoulder

3. Discussion - All of the YV spectrs are dowinated by an intense peak near 580
cm~1 which is associated with a corresponding deep winfsum in the depolerization
ratio. The position of this pesk, and the major festuers of all of the spectra are
similar for both hatnium as well as zirconium fluoride based glasses. This un-
expected result may indicate a weakening of the force constants in Irfy as opposed
to HCFy glasses. The effect bn the spectrum of changing the third component (Laf3
or ThF;) is relatively small, as is the case for IR nﬂoctivityz.

The depolarization spectium of any isotropic disordered material including
glusses, 1iquids aid gases should be characterized by 0 < p < 378, which is indeed
th cath with the glasies studied here. Thé sharp pronounced Winimum tn p{w) near

B R P

o ———




=

e T WP AR B e

€6~77

~ 590 cm-1 corresponds to the peak at ~ 580 cm-l in the VWV spectrum. Based on
molten salt data3, it may be identified with symmetric stretching modes of the
MFX4”‘ coordination species {where x = 6 to 8), Specifically, the latter suggests
that the dominant peak be principally assigned to totally symmetric MFSZ‘ stretch-
ing modes,fn general agreement with crystalline peaks reported‘ in the range
570-590 ca~! for both ZrFg2" and HfFFgZ". The large width of this line (~ 60 cm™!)
compared to that of crystals (10 to 20 cm-1) is an expected attribute of a dis-
ordered system. The depolarization spectrum suggests that the broad Raman bands
below 400 cm-1 are not primarily due to symmetric modes. Thus, contributions of
Ba~-F symmetric modes, which would be expected to occur in the general vicinity of
250 cm~1, are not evident in the current spectra. The low frequency modes are
more likely attributable to bending vibrations of Zr or Hf with F. It is also
interesting to note the relative featurelessness of both the Raman and IR spec-
tra of multicomponent glasses like ZBT, HBT, ZBL and HBL. This could be attribu-
ted to near cofncidences of the fundamental mode frequencies of various compo-
nents, and/or the one-mode behavior characteristic of certain mixed systems.
Finally, we note that IR spectra display two broad peaks in the ‘high (400-600
em-1) and Tow (150-300 cm-1) frequency regions. The Raman features in the vicin-
ity of 580 and 250 cm~! fall in-between the TO and LO modes deduced from reflec-
tivity. This behavior is similar td thai manifested in crystalline alkaline earth
fluorides, where the Raman mode also falls in-between the corresponding To and LO
modes of the crystal. '
MIPA Appointee at RADC; permanent address: Rhode Island Junior Coll, Warwick, RI.
() Present Address: The BDM Corporation,1801 Randolph Rd, SE, Albuquerque,NM 57106
(Research supported by Rome Air Development Center (AFSC), under Contracts No.
F19628-77-C-0109 (U.R.1.) and F19628-77-C-0063 (C.4.). Present address of J.
Goltman: Naval Underwater Systems Center, Newport, Rl; Present address of C.T.
Moynihan: Dept. of Matertals Engineering, RPI, Troy, NY, '12181.
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THERMAL PHONON TRANSPORT STUDY OF THE DEFECTS CREATED IN QUARTZ SINGLE
CRYSTALS BY DIFFERENT IRRADIATIONS (Y RAYS, ELECTRONS. NEUTRONS)

A.M. de Goér, M. Locatelli and C. Laermans”

Service Basees Températures, C.E.N.G., 85X, 38041 Grenoble Cedex, France

*Lab. Vaste Stof- en Hoge Drukfyeika, K.U. Leuven, Celestijnenlaan 200D, 3030
Leuven, Belgiwm

Abstract.— Thermal conductivity measurements have been carried out between

80 mK and 30 K in quartz after y, electron and neutrom irradiation at diffe-
rent doses. All the samples were natural quartz of the same origin, in order
to rule out the effects of different sample state, Electron and neutrons cause
an additional phonon scattering which, below 1K, can be explained by the pre-
sence of tumneling states similar as in amorphous solids but which is very
different above IX, indicating the different origin of the glassy "plateau”.
y~irradiation does not induce a detectable number of tunneling states.

Introduction.~ In order to come to a better understanding of the microscopic origin
of the tunneling states in amorphous solids some attention has been directed to cry-
stalline quartz which is locally disordered by high energy neutrons and electromns,
showing similar low temperature dynamical properties ]-4. It is observed thereby
that there are differences between the experimental results of different authors

for similar experimental conditions 3,5 and also that some findings are attributed

to impurities and inclusiens 4,5

showing the influence of the sample state, There-
fore we want to report here a set of results of thermal conductivity measurements
after different kinds of irradiation, all on samples of the same origin. In addition
in one of the neutron irradiated samples ultrasonic saturation experiments wit:l'«.'ml:l’2
and i.n6 a magnetic field have been cerried out previously and the number of tunmeling

states and their coupling constant to phonons has been dctenindz.

Experimental results.- The thermal conductivity K measurements have been carried out
between 80 mK and 30 K and the results are given in fig. 1 (a and b). Part of the
data have been reported before 3’6. All are natural Brazfilian quartz rods of the
same origin, Jmm in diameter and about 8mm in length . The value of K at the maxi~
mum, for the virgin sample, ie similar to that found in earlier measurements taken

into sccount the smaller dimensions of the present samples. Between 0.4 and 3K & T3

behavior typical for boundary scattering is found and the data agree well with the
values for the boundary scattering calculated from the elastic constants (Casimir
limit). This also implies that we find no evidence for the presence of inclusions
as observed before in synthetic --plu‘. Using y-irrsdiation, the effect of purely
fonizing irradiation was messured (until now only measured above IK). The two diffe~
reut doses 5.9 x xo‘ and 2.1 x l()s Roentgen give the same result, so that saturation

is already achieved. The thermal conductivity is little affected above 1K and mot at
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Fig. 1. Thermal conductivity as a function of temperature: V: unirradiated
sample, E] and E2: electron irradiated; Nj,N2,N3: neutron irradiated;
G: glass sample. Irradiation dose: see table 1. Solid lines are calculated
to fit the experiments. -
all below 1K, were the data for the virgin sample are reproduced.
Electron and neutron irradiation induce in the whole temperature range an addition-
nal phonon scattering which increases with increasing dose, and is remarkably diffe-
rent above 1K but shows simularities below 1K. Above 1K, in the neutron irradiated
samples, a platesu appears, similar to glasses, as already knmma.

Discussion.- A computer f£it was made using the full Debye expression for the ther-
mal conductivity, starting from & fit for the virgin sample and introducing an ad-
ditionnal scattering wechanism to accoust for the radiation damage: f’l = Gu and an
increase of the point defect term A, the Casimir term being kept at the calculated
value. The results are reported in table I and in fig, | (some ouly partly for cla~-
rity). More details abeut the fitting procedure are given in a previous papcra.

At the very lowest t-poratuui the fit uﬂuuth‘t&‘ the valye of the thermal com-
ductivity as well in the virgin semple s» in the irradisted samples (see aleo fig.1
in the previous papsr’). This effect. is usually attriduted to specular reflection
and will uot be discussed in more detsil hers. Apart from this small depertures it
was found that in the case of the electron irradisted samples the expected Rayleigh
scattering, due to point defects alone, can not explain the data and that a comstant
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Table 1
Sample dose’ A A-A, nouz (0 M2) ex *
(cm~2) (s3) (s3) (erg/cm3) za‘;”mm'ér—m

Llass 1.7 x lO8 ~
virgin 2.7 x 10 o - -

y saturation 2.7 x 107 2.4 x 107 <1 x10* | <1 x 107

| 3x10' %etectr. | 1.7 x 107%] 1.4 x 107%] 2.6 x 10° | 0.022

Bz l.8x102°e1ectr. 3.4 x 10-“ 3.1 x 10'“ 8.8 x 106 0.073

N2 lxlolaneutr. - 2.7 x 106 0.023

Ny | 4x10'neuer, - 5.8 x 10° | 0.048

N 6x1018neutr. 1.3 x lO7 0.065

from longit.ultrasound exp2

+ electron energy 2 MeV; neutrons with energy > 0.1 MeV; neutron dose Nj is pre-
liminary
xn M2 = 1,2 x 108 erg/cm> is a calculated mean value.

density of states of TLS(two level states) similar as in glasses can fit the re-
sults3. From G a value for the coupling strenght nM2 of the TLS with the thermal
phonons is obtained(see table 1), For the neutron irradiated samples a similar fit

'i1 glas-

was carried out but only for the temperatures below lK since the "platesu’
ses is not yet understood. A constant density of state: of TLS can, also in this
case, fit the data. This is in agreement with earlier findings which show that TLS
are present in neutron irradiated quartzl’z’l.. For the y-irradiated samples no evi-
dence for the presence of TLS was found up to saturating dose which puts an upper

limit to the oumber possibly present (see table 1).

.

It is surprising that in spite of the very different damaging processes both ¥
neutron and electron irradiation induce TLS. Indeed neutrons cause dispiacement cas-
cades and therefore extended damage zones, which might be amorphous, as recently ob-

servedg,uhile electrons are expected to cause rather simple defects.
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SURFACE POLARITONS IN IRRADIATED o—-QUARTZ

V. Umadevi, R. Kesavamoorthy, A.K. Sood and G. Venkataraman

Reactor Research Centre, Kalpakkam 603 103, Tamil Nadu, India

Mstracte.~ Jurface polaritons (SP) in charged particle irradiat-
ed «&~-quartz and fused quartz have been studied using the
attenuated total reflectlon (ATR) method. It is found that on
irradiation SP frequency decreases and linewidth increases.

Some evidences point out that on irradiation o-and fused
quartz tend to become disordered in a similar way.

1. Introduction.,- Tt is by now well known that at a boundary between
two media with dielectric constants -€-1 ? ‘5-2 ?V 0, surface polari~

. tons (SR) propagate down the surface. We report below our studies
on the surface polaritons in lon<bombarded \f —-quartz and fused
quartz by ATR technique in the spectral rang"? of 1400-180 On-i.

2. Experimental.- Irradiations were done in a Sames J-15, 150 keV
neutron generator modified for charged partidle work. 100 keV argon,
helium and deuterium ions have been used in this study Eo-a dose

r 4 ’101‘7 ions/ Ch\z. ATR spectra of single crystals of &, —-quartz cut
with the optic axis lying in the plane of the sample were recorded in
a PRerkin-FElmer model 580 spectrophotometer before and after irradia-
tion. The ATR set up used is a 25 reflections unit with a KRS-5
crystal. All the spectra reported here are recorded at a fixed angle
of incidence (30° ), corresponding to a fixed wave vector.

! 3., Results.~ Flgure 1 shows the ATR spectra of of —quartz before and
- after charged particle irradiation. ‘The ordinary E-type SP at 1160,
1145, 805, 690, 485 and 400 cm"i are seen clesrly in the unirradiated
spectrum. Deuterium ions seem to be more effective than argon or
helium ions in causing damage. The general feature observed on irra-
diation is that the SP frequencies shift to lower values and that the
lines are broadened. It can also be seen (figure 2) that the SP in
the spectral range of 1200-1000 (]n"‘l change significantly compared to

the modes in the other regions,
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Shown in figure 3 are the ATR spectra of fused quartz recorded simi-

larly. Here also the SP frequencies decrease and linewidths increase

on irradiation can be seen distinctly. The asymmetry on the higher

frequency side of the SP at ~ 1140 C!n-‘1 suggests the possible pre-

sence of another mode similar to o =-quartas Indications are that

both of ~quartz and fused quartz attain a common disordered structure ’
on irradiation. ne could speculate that this is a random structure
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with dangling bonds.

4, Discussion.- Irradiation changes the specular reflectivity spectra

also’s Melectric constant (€) calculated from the bulk reflectivity

data using Kramers-Kronig analysis does not account for the observed

changes in the ATR spectra. The same conclusion was arrived at by

Zhizhin et 312 in nitrogen irradiated of-quartz. As the projected !
range of the particles used for irradiation is smaller than the skin

depth of infrared radiation at these frequencies, it is proposed to

analyze the bulk reflectivity data itself on the hasis of a two layer

model. The € obtained thus should be used to generate ATR spectra

calculated for a three interface case. Mter generating complete

dispersion curve data, efforts will be made to analyze our data on '

these lines.
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RENORMALIZATION GROUP METHOD FOR VIBRATIONAL BEHAVIOR IN MIXED CRYSTALS

D. Schmeltzer and R. Beserman

Solid State Institute and Physics Department, Technion - Israel Institute of
Technology, Haifa, Israel

Abstract- The renormalization group method has been applied to
investigate vibrational properties of a diatomic mixed
crystal., It has been found that there exists a fixed
point which separates the one mode behavior from the
two mode behavior. This transition depends on concentration,
force constants and mass ratios.

It is shown that a fixed point exists which separates the extended mode behavior
from a localized one which is interpreted as a transition from the one mode to two
mode behavior.

We propose here a new criterion based on the renormalization group method(R.G),
this gives an unstable fixed point of transition from one mode to two mode behavior.

We find a transition from one mode behavior to two mode behavior for given mass
ratios and force comstants (therefore the same crystal) as depending on
concentration (Fig. 2). This fact is able to explain qualitatively the transition
found experimentally in InSbAs . We perform the renormalization group trans-
formation in one dimension and (with one force constant fx) for d=3 we use the
Migdal Kadano point moving, technique.

«
&
i

Our R.G. Transformation consists in comparing the eigenvalues, coupling constants
and probability distribution of the initiel lattice with those of a new one of
spacing S( 1) times larger than the original.

We consider the mixed crystal AB 1 HAI is the constant mass and the random
mass nz(l) is H.-nr.lth probcbuit or )lc with probadbility l-s,

Ve define s disorder parameter (The root mean square deviation of the optical
mode normalized by. the effective coupling between the nearest cells). We study
the transformation AeA’ for a change of the scale of the lattice constant
a9 Sa.
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The function R(A) describes the transition from one modg ﬁ'o two mode behavior.

We can physically explain this clai;n as f;)llovis-: the apparition of .a J.ocal:lsedA
mode is the condition for a two mode behaviour. For a ioulised mode,‘dista:it
regions are uncoupled for our eff'cctive chain (the correlation function decreases
exponentially). We calculate the coupling const;ant betweep distant cells as a
coupling adjecent cells in a given state of the R.G. transfomtion; increasing
the size of the cell during the trtnsfoﬁnation, we obtain a decrease of teff(d-3i

an incresse of A and therefore Rd)} o. (teff is the coupling constapt between the

cells). _ et , '

For a one mode behavior (one type of oscilation)a long correlatiom .exists and
teff(d-a) decreases slowly relatively to the decrease of the root mean square

deviation of the oscilation frequencies,A décreases and RAA)C o.

The fixepoints R =0 occur at/\-o, AzeO (one mode, two mode) and the
unstable fix point at A=Ac$0 ,Lﬂ-(»}o Jﬂ A>Ac and ﬂ)) (o/ﬂ A(&J

which describes the point of transition from one mode to two mode behaviour.

For a given z,& we findl\c for which R(Ac)-o and respectively the value of

J:. (AeA(s,¢, ) ).

We plot a grtpi'ﬁ y-( JS);) for constant z and a graph of z,r[): J:) for

constants @

Fig. 1 shows our results for 2=0.5 which are compared to the M.R.E.I. and c“.P.A.
models. Fig. 2 shows the results for®é =1, which might explain the behaviour of
the crystal InSb As,  whose €pd .0 andd =0.38 and has been found to behave one
mode for Z=0.25 and two mode for 2=0.85.

We mention that our approximation might change the value of the unstable ﬂ;.J
point XS& (to smsller A; ) and as & result the function ¥ = 29

(Fig. 2), appears to be shifted upwards for r close to 1, qs Wmuu '
involves less desorder. '
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COHERENT POTENTIAL APPROXIMATION AND STRONGLY ANHARMONIC SYSTEMS :
CRYSTALS OF PARA-HYDROGEN AND NEON RESP. HYDROGEN ATOMS

K. Menn and W. Biem

Ingtitute of Theorgtical Physiocs, University of Gieseen, D-6300 Giessen, F.R.G.

Abstract.- For mixtures of p-hydrogen and neon in the solid

state phonon calculations have been performed by combining the
€PA and the self consistent phonon approximation (SCP) to include
the strong anharmonicity of the system. The structure changes and
the phonon spectrum have been calculated as function of the con-
centration. The method has also been applied to mixtures of p-H2
and hydrogen atoms.

Under the solids which are known to be quantum crystals there are
several systems of two or more kinds of molecules statistically mixed
on the lattice positions, e.g. o-Hz, p—Hz mixtures, Hz-Dz, Hz-Ne mix-
tures. These systems are strongly anharmonic because of changing force
constants as fupction of the mean distance of the molecular pairs and
of the large amplitudes of the zero-point motion. To calculate their
phonon resp. roton spectra the theories of statistically disordered
crystals which are harmonic have to be generalized to take into ac-
count strong anharmonicities.

The single site coherent potential aprroximation (CPA) is well
known to be the best working method to calculate phonon spectra of dis-
ordered crystals abstracting from its weakness in descrihing pair and
clustering effects. We have combined the CPA and the self-consistent
phonon approximation (SCP) to get a first insight into the dynamics of
anharmonic anu disturbed crystals of two compounds.

One of the simplest disturbed systems seems to us to be the p-hy-
drogen neon system since the pair potentials are roughly equal and the
mass ratio is 1o ("isotopical disorder"). The large mass ratio produces
a big aifference in the zero point motion. Therefore, the structure in
the neighbourhood of one guest molecule in a host crystal is strongly
changea and with it the force constants. Ve have simplified the prob-
lem to a certain extent to reduce the numerical difficulties: the
structure has been face centered cubic for all concentrations though
high hydrogen concentrations are stable in the hexagonal closed packed
structure. We have used always the regular cubic point symmetry for
every lattice site occupied by a guest molecule. We have not considered
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refined quantum effects (no quantum daiffusion). This may turn out to
be too rmuch simplification: There may occur deviations from statis-
tical mixing through correlations — static or time dependent. But the
problum remains complicated enough and the numerical problems grow
considerably with the model of the neighourhood of the guest molecule.
We have started with a model where only the nearest neighbours could
relax. This model turnea out to be to rigid: the global lattice con-
stant changed too nuch, the frecuencies changed partly in a wrong di-
rection. Therefore, we introduced another model with relaxations up
to the fourth neighbour shell. All static and dynamic displacements
were restricted not to violate the cubic symmetry.

Since hydrogen forms quantum crystals, the short range correla-
tions have to be taken into account. We have done this with Jastrow-
factors of an appropriate kind.

The whole calculation turned out to be a voluminous one to be
solved self consistently with several variational parameters: the lat-
tice constant a, the static displacements from the lattice points of
nolecules in four shells in the neighbourhocod of a guest molecule ARij
the width parameters Yij of the displacement-displacement correlation
function, and the parameters in the Jastréwfactor. The iteration pro-
cedure turned out to be very difficile and special tricks had to be
used to reach convergence. Calculations were performed mostly on the '
Ne-(p-ﬂz) system, a few on p-Hz-(Ne) ané on p-Hz-(H atoms). The table ’
contains the static structural changes, the figures show the spectra : '
of the crystals, some Jastrowfactors and the comparison of the mean
lattice constant from which follows, that the model with relaxation of
four shells is necessary to describe the local displacement field of
the point defett formed by a guest molecule. '
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RAMAN SCATTERING FROM PHONONS IN DISORDERED CaMg;_,Co,Cly

1.W. Johnstone, G.D. Jones” and D.J. Lockwood

Phygios Division, Natiomal Research Council, Ottawa, Canada K1A OR6
*Physice Department, Canterbury University, Christchurch, New Zealand

Abstract.~ Five zone-centre phonons have been measured at low temperatures and
for a range of concentrations in CsMg, 00‘013. Three E, modes and the A g
mode all exhibit the expected one~mode behaviour. A na%heoty is required”t
explain the unusual concentration dependence of the Blg phonon intensity,
1ineshape and polarisstion.

o

1. Introduction.~ The lattice dynamics of AMX, compounds have been widely studied
and many possess the CaMgCl, structure (see figure 1) of space group Dzh with two
formuls units in the primitive cell. A factor group analysis predicts A; gﬂ l;+3323
Ramsn active modes. The A, g and llg modes comprise chlorine ion motions,
perpendicular and parallel to the c (Z) axis respectively, while the ‘23 modes
involve halogen and cesium ion displacemsnts in the hexagonal (X,Y) plane. We have
studied the mixed crystal CeMg, _‘00!013 to clarify assignments of phonons in
CaMgCl ;1’2 and CoCoCl,'*? and therely assist the interpretation of the highly
structured magnon spectrum of CsCoClj.3

2. Experiment and Results.~ Large single crystals of Cdgl_!co‘(u, were grown with
concentrations in the ranges 0 < x < 0.2 and 0.6 < x < 1. Ramsn spectra were
excited with 100 wW of 476.5 pm argon laser light in the 90° scattering geometry
X(++)Y, anslysed with a double monochromstor (2 ¢m™~! resolution), and recorded under
computer control. Polarised Raman spectra for pure CelMgCl; recorded at 5 K allowed
unambiguous assigoments of phonon lines at 55,0, 127.5, 132.0, 189.0 and 255.0 ca™!}
to symmetry species lz'. l,', 'z" lz. and ‘1,: respectively. The A,' mode showed
po anomalous (YX) intensity in contrast to that found earlier.! Pigure 2 presents
part of the resuits obtained for the mixzed crystals. The scattering from st and
A < phonons follows D¢, selection rules for sll concentrstions and only the A, " and
5, . (132 ca™!) modes shaw appraciable frequency shifts with increasing x. All of
thess phoucns exhibit ons-mode behaviour as predicted by theory."
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Fig. 1: Details of the CsMgCl, crystal
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Figure 2 shows the dramatic changes in band shape and intensity for the E,
phonon as a function of x. The single line observed at 127.5 ca™! in (2X)
polarisation for x = 0 becomes a pair of lines ty x = 0.19., By x = 0.63 this fine
structure has smeared out and the contimuum of scattering to higher frequency is now
more prominent and has equal intensity in (2X) and (YX) polarisations. As x is
further increased beyond x = 0.8 the lx“ band disappears and the continuum becomes
wveaker, being barely visible for x = 0,88, The intensity ratto IZX/IYX for the Els
phonon also changes with concentration end sz - IYX for x > 0,63, contrary to D

6h
selection rules.

3. Discussion.— The degenerate Elg mode hss normal mode displacements of the form"
22,2, 222 3+22 5 and V3(Z,-Z,42,~Zg) using the atom labels of figure 1.
Therefore the Raman cross-section for this mnde should be relatively insensitive to
substitution of the divalent metal ion, and the other Raman active modes behave
sensibly in this respect. Thus although the !18 mode frequency 1is concentration
independent the lineshape, polaristion and intensity behave anomalously.
Extrapolation of our data indicates a frequency of ~ 127 cm™! for the Elg mode in
CsCoCl,, as opposed to sn earlier assignment of 118 ca™l, 103+ 4
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VIBRATIONAL EXCITATIONS IN a-Si:F AND a-Si:FtH ALLoys”

B.K. Agrawal

Department of Physics, University of Allahabad, Allahabad, India

Abstragt.~ The vibrational excitations both in the 9i bulk
band mode region and above it at the impurity centres in the
various comfigurations for the a-3i:?P and a-Si:F:H alloys,
have been obtained by using a cluster Bethe lattice method.
The predicted frequencies are in excellent agreement with the
available experinental dsta.

We consider here only the nearest-neighbor central and non-
central force constants. The foroe oconstants chosen to reproduce
the experimental frequencies are shown in Table I. PFigs. 1| and 2
sxhibit the phonon density of states at one 3i atom and at one P
atom in the SiP, 811’2 and 811’3 oonfigurations, All the oalculated
loocalised mode frequencies are in sxcellent agreement with the date
of Shimada et al| . It should be noted that a central force oconstant
ochosen for each comfiguration gives rime to two localised frequen-
oles in S:I.!'2 and 811'3 configurations in agreement with the measured
frequenocies,

We then ocaloulated the phonon density for 3iFH and 811'28 oconfi -~
gurations (Fige. 3a and 3b) respectively. The central and angular

1.4 g, 1 : Local phonon den-
‘2 SiFy ] sity of states for SiPF
i 2 oonfiguration., The conti-
10} L ! . ; nuous and dashed ocurves
.- ,: — F depioct the densities at P
o8| é‘: h __ s and Si atoms, respectively $

)

H] for o = 4.43 § 107 dyn/om,
) = 0.34 x 10° dyn/em where
he resonance mode appears

S
h
'
0.4 1 :' 1 at 224 om~1. (The value of
:l B is heare differemt from
0.2 | ' that of Table I in the text).
------ ¥ o The small dashed lines at
0.0 > o 70 300 w0 %0 00 700 600 84 atoms show the oonneotiom |

to the Bethe lattice.
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Table I - Assignment of the measured frequencies against the various
contigurations in a-Si:PF and a-31i:F:H alloys. &£ and S
denote the central and angular force constants, respeoc-—

i v‘ly .

Foroe constants

(om=1)

Resonance and localised frequencies

suration 20n8 (1°:(ayn/°m) Caloulated Measured
a-Si $i-81 1.40 0.17 510 490
Sip 8i-F  4.43 1.01 300 300°
830 850%,828°,830°* 4
siv, 8i-P 5.40 1.01 300 300°
330 325% (tentative)
868 870 (827)%
968 965, (920)*, 930°, 950°, 975°%
812, Si-F 5.71 1.01 300 3oo:
375 380
520 515%,510°
840 83s®
1016 1015*'%,1010°*°
siv S1-H 2.27 0.43 529 515%,510°
Si-P 4.43 1.01 792 828
817
902 890", 900?
2000 1985%, 2000
SiF,H  Si-E  2.48 0.43 300 300°
Si-F 5.40 1.01 330 325% (tentative)
385 380°
529 515%,510°
820 82a®
839 840®
908 890°, 900¢
992 9754
2090 2090®, 2100

a : reference (1)
o : reference (3)

b : reference (2)
d : reference (4)
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foroe constants for the Si-H bond were first fitted to reproduce the

experimental frequencies in SiH, 8132 and 813.5 oconfigurations in
1

pure hydrogenated Si material, i.e., 630 om~ and 2000 om = for 3iH,
and 850 om~', 890 om~' and 2090 om”' for $iH,. For the SiH, oonfi-
guration the caloulated frequencies are 875 om™', 910 om™' and 2140

« For the 3i-F bonda, the wvalues of the foroce constants were
chosen similar to the pure~fluorinated 3i materials., A perusal of
Table I reveals that almost all the predioted frequencies have been

seen in the infrared data.

Si Wy (a)
1.2
- -
t.0 ;. . F
[ Sl
1.0 ., o0 e
0.8 - 0.6 '
\\\
0.6 P )
w
5 04 . ; § 0.2 A
4 -
§ 02} b e B oo i <Y H
g 3 SitF, (v)
0.0 e 1.2
< SiFs [)
z e 1.0 ¥
g 0.8 E - 0.8 ; *
0.8 * 0.6
04l 0.4
0.2 0.2
0.0 lcome N 0.0 L= J 4 —
) M0 00 600 800 1000 0 0 400 600 800 W00 2000

FREQUENCY (em™1)

FREQUENCY (cm™")

: Seme for Mg. 1 exocent

t Same for Pig. 1 except [Jig. J
that for (a) S9iPH and (b) 317,H

Be. 2
that for (a) SiF, and (v) sir

configurationa. 3 oconfigurations. The density “at
H atom appears mainly above the
band mode region.
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A STUDY OF POLARITONS AND PHONON PECULIARITIES IN CuCll_xBrx*

0. Brafman and G. Livescu

Department of Physics and Solid State Institute, Technion-Isracl Institute of
Technology, Haifa 32 000, Israel

Abstract.- The optic phonon anomalies found in CuCll Br_ by means of Raman
scattering and polariton measurement are presented. Thess irregularities are
explained in terms of a model which accounts for the phonon and other
anomalies in pure Cu-halides.

The optic phonon modes in CuCIl_xBrx show an irregular behavior even at low temper-
atures, This is true with respect to concentration dependent phonon frequencies,
their Raman intensities and especially their oscillator strengths. The oscillator
strengths were deduced from fitting the calculated polariton dispersion to that
measured by mesns of Raman forward scattering. Figure 1 shows the frequencies of
the three oscillators so obtained. The notation (1) and (2) relates to the main
oscillators, while d stands for disorder induced lines(l). In fig. 2 the three
oscillator strengths are presented as function of the anion concentration. The
oscillator strength in a crystal is proportional to the number of oscillators
participating in a given mode. Therefore both oscillator strengths in a two mode
solid solution decresse gradually with mixing. This is obviously mot the case in
CuCll_xBrx as shown in fig. 2 and it can not have a simple and straight forward
explanation. On the other hand this behavior of Cucll_xnrx optic phonons is not
totally surprising. Even at low temperatures where CuBr phonons are well bebaved,
the phonon spectrum of CuCl shows mumerous anomalies and those were widely dis-
cussed earlier(z). The main feature is the appearance of two polar modes instead
of a single expected one mode. The two polsr modes, labeled 8 and y, exhibit the
same symmetry but differ considerably in linewidth and in the effect of temperature
on the limes regarding intensity, frequency and width.

We shall interpret the present results with the help of a model which successfully
explains the anomalies in pure CuCl(z). It is assumed that Cu+ may occupy off
center sites in CuCl giving rise to the B mode while those in ideal sites
participate in the y mode. Microscopically C“CIl-x ed(g)
composed of five types of tetrahedra with n chlorine ions and 4-n bromine ions,

o<n<é, with x dependent probability. The main assumption in the present work is

Brx can he describ as being

that Cu+ may occupy off center positions, only in tetrahedra built exclusively on
chlorine ifons (n*4), and that it should thenm occur with the same probability as
in pure CuCl. On the other hand in all tetrahedra with n#4, cut occupy solely

Miork supported by the Israel commision for Basic Research and by the Fund for the
Prowmotion of Research at the Technion.
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central positions. Fig. 3 presents the principal features of the calculated
oscillator strengths (S) of the various modes as function of concentration, which
result in Sl(x) and Sz(x) - the main calculated oscillator strengths presented in
heavy lines in the figure. The total oscillator strength of each compound is

CuCl ° SCuBr)' SB(x)-1.7(1—x)A where Se(o)-l.7

is the s8 of pure CuCl and f=(i-x)*is the probability of tetrahedra with n=4. The
B mode of CuCl and the mode of CuBr exhibit a one mode behavior thus Se(x)+sc“nt(x)
add to Sl(x), which is the lower frequency polar mode. The contribution of B-CuCl
to sl(x) decays very fast with x, corresponding to the decrease in the concentration
of "all chlorine" tetrahedra in the mixed crystal. sCuCl(x) - sd(x)—SB(x) yields
Sz(x). The Sd is small compared to the other two oscillators at all c:ncentrations.
Sd is the result of disorder and is affected also by the ability of Cu to occupy
off center as well as central sites, Triangles and crosses are the experimental
values of sl(x) and Sz(x) obtained from the polariton measurements (the same as in
fig. 2). Considering the fact that the only parameters we used were those employed
in fitting the polariton data, the fit is self consistent and in addition it gives

agsumed to vary linearly with x(S

reasonable solutions to the problems which were presented earlier.
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FREQUENCY DEPENDENCE OF ACOUSTIC SATURATION IN SMOKY QUARTZ

R. Nava and M. Rodriguez

Instituto Venezolano de Investigaciones Cientificas (IVIC), Physics Center,
P.0. Box 1827, Caracas 10104, Venezuela

Abstract.~ High frequency ultrasonic measurements were oerformed
in gamma irradiated natural quartz at 1.z F at frequencies down
to 20 MHz as a function of applied power. The two-level systems
resonant attenuation shows saturation effects which decrease
notably at fregquencies below 200 MHz. These results are con-
sistent with a decreasing density of states at frequencies close
to A,.

A consecuence of the tunneling model of TLS in amorphous and
disordered solids is the existence of a gap in the density of states
n(E) for enerqgy svlittinas E = /A2 + A? smaller than the tunnel
splitting A,. Among the observable effects of this orediction would
he a devarture of the low terperature specific heat from linearitv in
T and a rapid decrease of the resonant ultrasonic attenuation for
frequencies ® such that -fuw<A, /1,2/. For TLS in crystalline
matrices one expects A, to be single valued or, for small amounts
of local disorder, narrowlvy distributed so that the change in these
proverties would take place in a shorter temmerature (frecuency)
range than for oclassy TLS. 1In this work we report the disappearance
of the resonant ultrasonic attenuation of gamma irradiated Brazilian
quartz for frecuencies below 140 MHz in accordance with the existence
of a gap in the density of states.

The intensity dependence of the resonant ultrasonic attenuation
of shear waves along the AC~-axis of crystals irradiated to 1.5 x 106
Rads was measured in a non-resonant sample holder bathed bv He
pumped to 1.2 K. Typical acoustic intensities varied from 20 mﬂ/cn2
to § uwlenz. An ultrasonic pulse length 1 of 1 microsecond was
used throuchout. The attenuation coefficient was determined from
pulse-echoes senarated by several hundred microseconds. The output
of the video detector was averaged by means of a transient recorder
coupled to a multichannel analvzer.

The experimental results show a frequencv independent resonant
attenuation above 200 “Hz followed by a drastic reduction of a for
frequencies below about 170 Miz. The magnitude of the attenuation at
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140 MHz is barely discernible
above the experimental accuracy
Da g, (s x 1074 dB/usec.) and undetect-
. able below this frequency (FPig.1).
e also find a frequency indepen-

mdB /. sec

'g dent critical intensity Jc of
i N A about 35db helow a reference
£ FREENCY fﬂ%z]m sco acoustic intensitv of 200 m¥/cm®.
a Assuming steadv state con-
ditions at low freouencies
% fw<<2kT) the attenuation coef-
8 4 ficient of the unsaturated res-
é )} onant absorption is given by:
E J "T}%"L"n(gz“(’t ,_a ? ‘ﬁm>Ao
. a= (1)
1 0 “Rw<i,

For energv splittinas qreater

AmmsrcuurenéTvJ hal-
(OdB = 200 mW /cm2) than A, a constant density of

states n, describes well these

Fig. 1 : Intensity dependence of and previously reported results

e relative resonant attenuation /3/. Por enerqv snlittings in the

in smoky cuartz. The inset shows

the frequency dependence of the neighborhood of A,, assumed here
maximum attenuation change. to be single valued, the decrease
Curves are only visual aids. observed in the unsaturated

absorption (J<Jc) takes place in a freguencv range comoarable to the
inhomogeneous linewidth TEI.

In the inset of Fig. 1, ve have vlotted the frecquency devendence {
of the maximum resonant attenuation. The width of the transition is
about 50 MHz. From this curve we estimate A, and Tz to be 130 MHz
(0.5 uev) and 3 nsecs., respectively. Taking for n, the specific
heat value (6 x 1032 etg-l. em~3) we find from Eq. (1) v, ~ 0.14 eV
vhich is 20 times smaller than that reported for quartz glass /4/ and
close to the mean value calculated from (yA,) obtained by dielectric
loss measurements /2/.

In summary, by studying the frequency dependence of the resonant
ultrasonic attenuation due to TLS in smokv gquartz we have established
the existence of a gap in the density of low energy states as pre-
dicted by the tunneling model.

REFEREICES
1.- J.C. Lasjaunias, R, Maynard and M. Vandorpe, J. de Phvs. 39,

-

.




©

c6-101

C6-973 (1978).

2.- J. Chaussy, J. Le G. Gilchrist, J.C. Lagjaunias, M. Saint-Paul
and R. Nava, J. Phys. Chem. Solids 40, 1073 (1979).

3.~ M. Rodrfguez, F. Garcila-Golding and R. Nava, Phys. Lett. 79A, 241
(1980)

4.~ S. Runklinger and Y. Arnold, Physical Acoustics 12. Bds. W.P.
Mason and R.N. Thurston (Academic Press, New York, 1976).

o oo




-
A
JOURNAL DE PHYSIQUE
Colloque C6, supplément au n°12, Tome 42, décembre 1981 page C6-102

THEORY OF THE ATTENUATION OF ELASTIC WAVES IN INHOMOGENEOUS SOLIDS

P.G. Klemens

Dept. of Physice and Mst. of Materials Science, Univ. of Connecticut, Storrs,
CT 06268, U.S.A.

Abstract.- Temperature variations accompanying elastic waves
cause heat conduction, entropy generation and thus attenuation
of the waves. In homogeneous solids the temperature variations
over half a wave-length and those between different phonon
groups cause comparable attenuation. In inhomogeneous solids
the temperature gradients are enhanced. The resulting attenu-
ation exceeds that due to Rayleigh scattering except at very
high frequencies or at low temperatures. Small inclusions and
fiber-matrix composites are discussed.

1. Introduction.- In homogeneous single crystals the attenuation of
elastic waves arises from the cubic anharmonicities. Kirchhoff first
(1 which can also be

applied to solids. Attenuation due to the smoothing out cf temperature

proposed a heat conduction mechanism for gases,

differences between different groups of phonons was treated by
Akhieser.(Z) In both cases do the elastic waves set up temperature
differences, and the irreversible heat transfer generates entropy so
that elastic energy is converted into heat.

There are two additional attenuation processes in inhomogeneous
solids. One is Rayleigh scattering, owing to variations in the local
value of the wave velocity. The other is an enhancement of the heat
conduction mechanism, because temperature differences are set up be-
tween neighboring regions of different thermal expansivity, so that
temperature gradients are increased. This was discussed by Zener.(a)
It will be seen that the latter mechanism is more important than
Rayleigh scattering except at very high frequencies or at low tem-
peratures.

2. Homogeneous Solids.- The adiabatic temperature change due to a
dilatation A is given by

dTg= -vTA (1)
where y is the Grineisen constant. If either A or y varies with
position, T will likewise vary and obey

IT/3t=DV’T + 3Tg/at (2)
where D is the thermal diffusivity. If y is independent of position,

"
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one can write for a wave
A=4 exp i(k.r+wt) and 3T=T' exp i(k.r+wt) (3)
and from (2)
iwT'= -k?DT' - iwyA, (4)

Per unit volume, the rate of energy loss from the wave is re-
lated to the rate of entropy production by

-dE/dt=T dS/dt=(x/T)|grad T|? (5)
where x=DC is the thermal conductivity, and C is the specific heat
per unit volume. The energy content per unit volume of the wave is
E=}AA§, where A is the bulk modulus. Thus one finds for the rate of
energy loss

1t = -E"taE/atsy 2 (/T u_p? (w2 + 0BT ()
where T is defined equal to A/C, and the characteristic frequency
w, is def%ned as

w,=kD . (7)

Now wg depends on the wave frequency w, since k=w/v, where v is
the wave velocity. At all but the highest frequencies w,<<w, so that
the Kirchhoff attenuation becomes

11y = YAT/T) (0/v e (8)

The Akhieser mechanism can also be described by (6), except that
in place of 72 one must now use ?2, a weighted mean square vari-
ability of y for the different groups of lattice modes, while w,
describes the rate at which their temperature is equalized by phonon
interactions. The lattice component of the thermal diffusivity is
Dg=v2/3m°, if we disregard the difference between three-phonon N and
U-processes. One is always in the limit w<<w, , S0 that the Akhieser
attenuation becomes

Uty = VZ(T/TO)(abg/vz)m2 (9)
While formally 1/1A exceeds 1/t by a factor 3, it may well be the
smaller of the two, since ¥ must be less than 72 and since Dg is
only the lattice component, not the total D. A further reduction in
l/xA, perhaps by a factor 2, results from the inclusion of N-proces-
ses in the definition of Wy

3. Inhomogeneous Solids.- Temperature gradients and entropy genera-
tion are enhanced if the thermal expansivity or y depend on position.
If the Fourier components of y(r) have principal components of wave-
number q and if the inhomogeneities are of small scale so that gq>>k,
A can be treated as independent of position, so that q2 replaces k2
in (4) and (7), and (&) still holds with w, redefined. However, in
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place of y2 one must use

72 = I viyi - (z viyi)2 (10)
where vy is the fractional volume of the component of Griineisen con-
stant v;. If the smallest diameter of the inhomogeneities is L,

w°=w2D/L, where D is the smaller of the thermal diffusivities.
4. Some Numerical Cases.- Consider small colloid inclusions such as
produced by neutron irradiation in crystals, with L=1x10—6 cm. Take
T,=25,000 K, T=300 K, and D=vL/3, so that w,=3x1011 sec7l. Now
yz=nV°Ayz, where Ay is the difference between y of the inclusion and
matrix, n the inclusion density, Vo the volume of each inclusion. Let
Ay=l, then from (10) and from (6) with we<w,
1/t = 3x107 v w? = 1.5x107182 (11)
in inverse second units, the second value being for nVo=0.005. This

may be compared with Rayleigh scattering by these inclusions with
dv/v=% and v=3x10° cm/sec :-

Utg = 0V (V /v =2x107 5 ny o' (12)
so that Rayleigh scattering is relatively weak below 6 GHz. At low
temperatures attenuation by heat conduction decreases as TC.

As another example consider a composite of fibers embedded in
a continuous matrix, each component occupying half the volume, with

3 ¢m and D=1 cm’/sec, so that m°=1x107 gec L.

With the same material parameters 1/1=3x20"1%%gec-1 due to heat con-
duction, while for Rayleigh scattering 1/1R=8x10'19 3

tion by enhanced heat conduction is much stronger than intrinsic

fiber diameter 1x10~
. The attenua-

attenuation in either component, and exceeds Rayleigh scattering ;
below about 10 MHz.

This work was done in collaboration with the Engineering
Materials Division of the Naval Research Laboratory.
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LOW FREQUENCY RAMAN SCATTERING IN MIXED Ga;_jAl,As AND Ga;._, InyAs
ALLOYS

R. Carles, N. Saint-Cricq, A. Zwick, M.A. Renucci and J.B. Renucci

Laboratoire de Physique dees Solides, Associé au C.N.R.S., Université Paul
Sabattier, 31062 Toulouse cedax, France

Abstract.- We report Raman studies of disorder induced scattering in the
Gaq-xAlyAs and Ga,_yxIngAs alloys. Previous results [1] are confirmed for the
Gaj_yAlyAs system for a wider range of concentration. The role of the substi-
tuant is discussed through the analysis of the Gaq_xIngAs system.

Introduction.- To extend resultson a Ga As crystal [1] we performed experi-

0.80A10.20
ments to a concentration of Al equals 0.50. Mass and size effects related to the na-

ture of the substituant are analyzed on the Ga xInxAs system.

1=

Results and discussion.- All experimental details are provided in reference [1]. All

the samples used in the present work were layers L.P.E. grown on a the (100) face of
GaAs substrate.

Figures 1 and 2 display, respectively, the results obtained, at 300 K, for
Ga1_xAles and Ga.l_xInxAs. Although the exciting laser wavelengths are different (see

figure captions) resonance effects are excluded.

As in reference [1] we find that, except for the GaAs LO(T') mode, the crystal-
line symmetry is also lost for the Ga.'_xInxAs alloys. Therefore we give only two types
of spectra in figures 1 an 2. a(b) refers to crossed (parallel) polarizations of the
incident and scattered lights and corresponds to the FTS ( I‘1 + L [',2) Raman cross

section [1] . i

Let us first compare for the same concentration (x = 0.20) the spectra of the
two alloys.

The main effect of the substituant appears for the long wavelength optical modes
and is related to mass effects (m,, <m, < m ). Indeed a AlAs-like band stems abo-
ve the frequency of the LO(I') in GaAs. This band merges into the local mode of Al
in GaAs as x reaches zero. On the contrary for the Ga1_xInxAs compounds a structure
shows up belov the LO(T) around 235 ', It gives for x = 0.09 a shoulder (fig. 2)
which materializes clearly the impurity mode of In inGaAs. As there is no gap in the
phonon density of states of GaAs [2] it is an in-band mode and denoted w (In :Cahs).
The symmetry of this mode is I‘15 (see fig. 2) as expected theoretically.

The structure at 265 0-1(1'1;. 1), which is attridbuted in reference [1] to GaAs
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Fig. 1-Ramsn gspectra observed, at Fig. 2 - Raman spectra observed, at
300K, for three Ga,_y Al As samples. 300K, for three Gai_,InyAs samples.
The exciting laser wavelengths are The exciting laser wavelengths are
A=5308% for x=0.20 and A=5 145K A=4880% for x=0.09 and x =0.20,
for x=0.35 and 0.50 . A=5308% for x=0.40 .

disorded activated transverse optical processes (D.A.T.0.), is also present in the
Ga,  InAs system (fig. 2) whereas the D.A.L.O. of GaAs (fig. 1) is obscured by the
InAs-like band. This one is noted D.A.0. (fig. 2) as it is hard to distinguish bet-
ween longitudinal and transverse processes.

In the low frequency range the D.A.T.A., 2TA, and D.A.L.A. modes appear also in
the Gcl_xInxAc alloys although the structures are less resolved. Their frequencies
are shifted to lower energies compared to those found in GaAs [1], due to mass ef-
fects, as expected. They increase in 631_xA1xAs for the same reason.

The shift to lower energy of the acoustical branches in the Gt1_x1nxu systea
allows to resolve the 2 IA band while it lies withia the D.A.L.0. of GaAs for

0-1_xAlel .

The assignement of the structures discussed above for x=0.20 are confirmed by
the variations of their frequemcies, widths and intensities upon concentration.

As already mentionned spectra are less structured for the o-,_xm‘n system. In
the scoustical renge this is related, in part,to the larger width of the 2TA band.
Due to the digger sise of In, the substitution of In to Ga introduces a distorsion
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of the bond length much more important than the one produced by the substitution of
Al (the bond lengths in GaAs, AlAs and InAs are respectively 2.447 £, 2.452 § and
2.615 K). This effect induces a larger amount of disorder in the Ga,_ In As system

and consequently should lead to wider structures.

The same reason could explain that, for each concentration, the width of the
D.A.T.A. is larger by an amount of Tcm_1,on the average,in the C—al_xInxAs alloys. In
the same way, the width of the LO(GaAs) band increases by a factor 2.7(1.8) when the

concentration of In(Al) goes from O to 0.5.

The intensities of the disorder induced bands reflect the degree of disorder of
the alloy. As a matter of fact the relative intensities of the D.A.T.A. and the
D.A.L.A. to that of the 2TA band increase (fig. 1and2) with x as the latter is re-
minescent of the order of the perfect crystal.To evaluate more quantitatively the
degree of disorder it is convenient to refer to the intensity of the D.A.T.A. whiéh
is well seen in the two alloys. Indeed the ratio I(D.A.T.A.) / (1-x) I[LO(GaAs)] in-
creases with x.

In figures 1-b one notices also that the intensities of the D.A.L.0O. and the
D.A.T.0. of GaAs increase in a way similar to that of the D.a.L.A. Alsc the D.A.O. of
AlAs get stronger with x .

The "depolarization spectrum” introduced by Kobliska and Solin in the case of
amorphous materials [3] can be measured in the alloys. As all the spectra have been
recorded with the same instrumental transfer fonction, for each concentration, the
depolarization ratio p isgiven by the ratio of the intensity of spectrum a over
that of spectrum b.One deduces from fig. 1 and 2 that p(D.A.T.A.), for example, in~
creases with x and reaches its maximum value when the disorder is the greatest for
x=0.5. As displays in figures 1and2 p is dispersive, indeed p(D.A.L.A.)<p(D.A.T.A.)
This impli - that the vibrations which correspond to the D.A.L.A. are more symetri-
cal than those of the D.A.T.A. in agreement with the conclusions of London [U4] rela-
tive to defect activated Raman processes in zinc-blende type crystals. As a matter of
fact, although longitudinal and transverse acoustical phonons at X and L become Raman
active, the symmetry of the longitudinal is in part F1-1ike while the one of the
transverse is never F1. One should point out that the F1 symmetry of the D.A.L.A.
was well reproduced by the calculations of Talwar et al. [5].
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SOME ASPECTS OF NONLINEAR LATTICE MODELS

H. Bittner and H, Bilz*

Phye. Inst. Univ. Bayreuth, D~8580 Bayreuth, F.R.G.
* Max—Planck-Inst. filr FestkSrperforschung, D-7000 Stuttgart 80, F.R.G.

Abstract.- A theoretical study of various static ané dynamic so-
lutions in a one-dimensiona. lattice with anharmonic electron-ion
coupling is presented. The stability of the different cormensu-
rate groundstates is investigated and both kiuk- and phonon-ex-
citations are described. The coupling of nonlinear excitations

to phonons is discussed in qdetail.

It was pointed out some time ago, that the microscopic origin of
ferroelectricity in perovskites is due to the confiocurational insta-
bility of 02-
anharmonic polarizability
rectly by a M6ebauver study on LiTaO 3 and applied to various other ma-
terials, like KTa,_ . Nbx034; SrTi0;"; K28e046’7 67 in a self-
consistent description of their phonon spectra. A discussion of the

and its homologues, which leads to a strong anisotropic,
1'2. This assumption was recently tested di-

, and SnTe

nonlinear excitations in a one-dimensional version of this model has
been given in Ref. 8,9, and the coupling to phonons is studied in de-
tail in Ref. 6. Extensions to two—1°
been successful.

In the following we shall review some results from the literature
and present new investigations especially on the stability of the stat-

1
and three-dimensions?' have also

ic nonlinear solutions and their coupling to phonon-excitations.

The essential feature of the model is a highly local electron-ion
coupling. The instability of the transverse ferroelectric node is at-
tributed to a negative electron-shell ion-core coupling constant g5
The paraelectric mode above the phase transition is stabilized by a
fourth-oxder shell-core coupling g4- For a discussion of the relation
to other ferroelectric models see Ref. 8,6. In the simplest version of
the model, a monatomic chain, there are additional nearest-neichbor
shell-shell and core-core coupling constants f and f' (see Fig. 1).
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Fig 1. Part of the one-dimensional lattice model,
with harmonic nearest-neighbor coupling between the
electron shells f and the ions f'; the local elec-
tron-ion coupling is described by a harmonic coup-
ling 95 and a fourth-order term d4-

The classical Hamilton-function of the chain is written for the dis-
placements u, and Vn of the ion and the electron-shell with masses M
and m respectively:

. 9 9
2, ;gu 2, }-2-{ (v_-u )2 + 4—‘Z(vn-un)4 +
n n
\ (1)
+ §—§ (uﬂ-un__1)2

with the corresponding equations of motion (in the adiabatic approxi-
mation):
Mi_ =g,w_+ g, W 3, f'bu
n 2'n 4 "n n
3 (2)
0= g v, 94Yn + f D(wn+un)

where the difference displacement Wn = Vp " Y, is used and the differ-
ence operator Du, = u ., = 2u, + U

The static periodic solutions on the lattice are the fixed points
of the corresponding recurrence relations between w_ ., (u 4q) and
Var Yog (un, un_1)9. Usually one has to find these points numerically,
but for low-order periods the analytic results are given in Table 1.
Periods of higher order are more complicated. The displacement pattern
of period 2n/8 for example has two different dilplaccunntl on site

Yom+l = Yeme3 = “Vomss = “Vgme7 3N Bite wg .o = -wg, ¢ related by

e s
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Period Electron-Ion Displacement w Energy
2n/k Displacement-Pattern
kK =1 w2 = g,/ E, = -a,2/4
) 92/94 1 92 /%9,
(ferroelectric)
2 2 _ 92, 4fr) 9,’ ] af V-
e A X BT
(antiferro-
electric) 1 1 17 441
k=3 2oy a2y 2 E 922(1 3f")z
= = ={ - X e = f——
¥o™0r W=l TV2) 94( ‘-’2) 3 bg4\ g,
(Periodon)
2 2 92 2fr g22 2fr :
k =4 w0=w2—0 wy={(-w3) --g-(1 3 Eg = “Ba. 1+-q——
4 2 4 2
2
k=6 WA=W,=0 w2=w2=(~w )2-(-w )2 E, = -23— 1+££)2
0o 3 172 4’ - 5 6 6g, 9,
g f
=—-—2(1+._£)
9 9

Table 1: Static commensurate solutions of (2) with different periods.

.~ O,
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the equations:

3
2w8m+1 = Yem+2 ‘92/fr+2’ + Y8m+2 (94/fr)

(3)
w _ 3 )
8m+2 = Wam+1 (gz/fr+2) + Wgnet (94/fr)

with the reduced intersite coupling 1/fr = 1/€f + 1/£'.

The energy for the different commensurate states is always nega-
tiv and corresponds to local minima of the Hamilton-function. For
g, <0 and f,f' > O the homogeneous ferroelectric state has always
lowest energy. For g, < O and f' < O but £ > O there may be other
states with lower energy. But this eneray consideration is not suffi-
cient to determine the stable groundstate of the chain. One has to
investigate the stability of the solutions under small time-dependent
perturbations and in addition to this, wether static solutions in the
vicinity of the fixed points stay there under the nonlinear mapping
12,13 of equations (2). We rewrite these for w_ as:

n
92 3
o+ =(-f; + 2) wh t (g4/fr) wh ot X,
(4)
Xnt1 = “¥p
and linearize them by the ansatz:
Wn = Wno + Gwn (5)
with the result
Sw = [(9 /£ _+2) + (3g,/f)) w2 ]Gw + 8x (6)
n+1 2’ %r -4’ "r no n n
6Xpeq = ~6W,

Por the different fixpoints we now investigate the eigenvalues of the
matrix
k [ap/e )42+ (3g /8 w2 1

M= (7)
n=1 -1 o

which describes a so-called tangent space mapping13.(The nethod is
analogues to that used by Gr:eene’2 for another nonlinear mapping.)

A et - NI = 00
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For complex eigenvalues of M the fixpoint is elliptic stable. The sta-
ble regions are given in Table 2. Since this stability analysis is
based on some (so far unproven) mathematical assumptions, we also
looked for numerical stability in the vicinity of the commensurate
states and found agreement with the parameters regions of Table 2.

Period k Range of Parameters for Remarks
Mapping Stability
1 0 < g2/fr < 2 f or f' have to be negative
2 -6 < gz/fr < -4
3 -4 < gz/fr < -3
4 92/fr = =2 method is probably to weak

Table 2: Range of mapping stability for low order periodic solutions.

These results mean, that in certain parameter areas only one of
the fixed points is stable, although its energy may not be the abso-
lutdylowest. In the neighborhood of a stable region there may be
incommensurate stable states, which can be reached by leaving the
stability range of the parameters12'14.

Above these static groundstates there are linear phonon- and
nonlinear static kink-like excitations. The latter ones describe, as
in the usual ¢4-theory. domain walls between the degenerate around-
states of a certain period k. As an example, we write down the equa-
tions for the kink structure in the antiferroelectric state (k = 2),
where the polarization sequenze of the ions is altered from 'up,
down, up ...' to 'down, up, down ...'. If we assume only small changes
within the unit cell, the continuum approximation for each sublattice

can be used and results in:

' 2 95 94 3
wy +aw, + a’w, = i?; + 1 w, + 7?; w,
(8)

2 v (92 94 3
v, + aw, + a W, = 7?; + 1 w4 + I

X

where w, and v, describe the electron-ion displacements in the too
sublattices, and a is the lattice constant of the original lattice.
The boundary conditions are Wy = =Wy for x + *», in contrast to the
ferroelectric state. Numerical solutions show a static kink-like
transitions in each sublattice. These solitary excitations will
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contribute to the statistical mechanics of the antiferroelectric state.
Similar solutions have been found above the periodon (k = 3) ground-
state. Details are discussed in a forthcoming paper15.

The static solutions discussed so far, can easily be extended to
diatomic chains with one additional unpolarizable ion8
there are also solutions of the same type for twolo

6
sional systems.

. Furthernore
and three-dimen-

Before describing the coupling of phonons to the periodons we
cite here the corresponding time dependent nonlinear solutions. They
can be written asG:

£
]

A(gq) sin (wt-nga+§)
{9)

(]

u

n B(g) sin (wt-nga+é§) + C(q) sin 3 (wt-nga+$)

with the dispersion
mu? = 3 (£+4£') sin?(3qa/2) (10)

and the amplitudes

4q 2_ 2
Az(q) = -2 {1 + A 525455'513 (9&42) sin? (qa/Z)}
92 My -4 (£+£')8in’(qa/2)

4fsin(qa/2)
Mm2—4(f+f')sin2(qa/2)

94 .3, .2
B(gq) = -A 1 Clq) = +5ggh /sin®(3gqa/2) (1)

Note the divergent character of C(q) at 9. = 0;27/3 where the fre-
quency is zero. In order to avoid this unphysical static solutions
one has to chose the phase § in such a way that s8in(36) = O, which
results in C(qc = 0;2%/3) = O and amplitudes given in Table 1.

The coupling of phonons to these periodons is now calculated
with the ansatz:

W o=w  +w e U_ T U +u (12)

| A
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A special solution is found by rewriting the equations of motion (2)
in two groups:

My

(f+f')Duns + fDw

ns ns 13)
0= (g2+3g4w§p)wns + q4wis = fD(up tw )

Mﬁnp = (f+f')Dunp + wanp .
0= (92+3g4w§s)wnp + 94"ip - fD(unp+wnp)

Our approximation is that used in the selfconsistent phonon treatment
where higher powers of the phonon contribution wh
by their thermal averages:

g are approximated

= 3g, <wl and 3gu2_ = 3g,<w? > {15)

3
v, ns T “ns

ns

This results in a temperature dependent coupling
2
g(T) = g, + 3g,<w, >n (16)

Furthermore the phonons are influenced by the periodon solution wnp'
For low temperature we use its static value, which causes a tripling

of the lattice constant:

2r g(T) n - 0 (mod3)
g(T) + 3g4wn (3—) =
-29(T)—9fr n=1%2

For high temperature the periodons are approximated by a time average

g(T) + 3g, wﬁp(q) = g(T) + % g4A2(q)
with A2 from (11) and 9, replaced by g(T). This g-dependent coupling
leads to a drastic change of the acoustical mode near q = 2n/3. An
application of this method to the phonon-spectra of various materials
is reported in Ref. 6. Especially the paraelectric-incommensurate and
the incommensurate-commensurate phase transitions in K,5e0, have been
successfully analyseds'7.

Furthermore it was found, that the phonon anomalies in TaSez

and ub8¢3 may be described in terns of our simple nodel’. This shows
the interrelation of our mode-coupling treatment to the description
of these metallic systems in terms of charge-density waves.
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OBSERVATION OF STRONGLY FREQUENCY DEPENDENT LIFETIMES OF ACOUSTIC
PHONONS IN CaF,

R. Baumgartner, M. Engelhardt and K.F. Renk

Institut fuUr Angewandte Physik, Universitdt Regemsburg, 8400 Regensburg,
F.R.G.

Abstract.- A strongly freguency dependent lifetime of acoustic
phonons in CaF,; at low crystal temperature is observed. The
phonon lifetime decreases proportionally to v~5 indicating
spontaneous phonon decay. Furthermore, we report measurements
of the spectral distribution of phonons generated by nonradia-
tive transitions.

Various attempts have been made to detect spontaneous decay of
high-frequency acoustic phonons without, however, conclusive resultsj
In this paper we report experimental evidence of spontaneous decay
of acoustic phonons. Our experiment was performed on CaF, at low
crystal temperature.

The principle of our experiment is shown in Fig.1. Uniaxial stress
is applied to a Can crystal doped with 0.003 mole% Eu2+ ions. The
stress leads to a splitting of the lowest excited state level of Eu
into a doublet with variable energy separation hv where h is Planck’s
constant. This system allows tunable phonon detection up to a fre~-
quency v of 3.2 Tﬂz.z For phonon generation the crystal is optically
pumped with radiation of a nitrogen laser. The radiation is absorbed
in broad bands of the Bu2+ ions. Nonradiative transitions lead to
population of the stress split energy levels and, simultaneocusly, to

generation of phonons with a broad frequency

2+

distribution. An additional phonon source is
due to one-phonon spin-lattice relaxation in
} the doublet levels. Phonons are detected by
“g‘ 1 F_'E the phonon induced fluorescence radiation
_..h..'_ §, (Fig.1). Since the spin-lattice relaxa-
tion time is shorter than 1 ns the relative
13 $ §; population of the doublet levels is in
4] | | equilibrium with phonons of the frequency v.

Therefore, wé can directly measure phonon
Pig.1. Principle of occupation numbers by observing 8, and 8,
phonon detection. fluorescence. In addition, from the decay of
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the S2 signal phonon lifetimes are
obtained.

Experimental results for phonon
lifetimes are shown in Fig.2. We ob-
serve an almost frequency independent

-5

[ ]
%
——t

phonon decay time in the range up to

3

1.5 THz, but, a strong decrease as v—s
T

B at higher freguencies. A w3 depen-
8

B dence is predicted by theory for the

DECAY TIME (sec)

case of phonon splitting by anharmonic

4

three phonon processes.3 We compare
the lifetimes with theoretical values
calculated for an isotropic dis-
persionless solid. Regarding that due

ed A

05 1 2 5 to impurity scattering transverse and
v {THz)

longitudinal phonons at the same fre-
Fig.2. Phonon lifetimes quency are in an equilibrium, and
in CaF, at T = 2 K. assuming that only longitudinal phonons
can decay spontaneously, whereas
transverse phonons cannot decay due to energy and momentum conser-
vation, we find that our experimental decay times in the high-fre-
quency range are in agreement with theory.4 In the low frequency
range, the decay times are an order of magnitude longer than the
ballistic times of flight (rg and tp in Fig.2) out of the optically
excited volume, indicating a diffusive propagation of the phonons.
The reason for a frequency independent lifetime is not known, the
low frequency lifetime may be due to inelastic scattering of phonons
at impurities.

In order to obtain information on the phonon spectrum, which is
generated by the nonradiative transitions, we have determined phonon
occupation numbers from the ratio 82/81 of the fluorescence intensi-
ties. In Fig.3a experimental phonon occupation numbers p are plotted
for different phonon frequencies. We find that immediately after
laser pulse excitation phonons with a nonthermal spectrum are con-
tained in the crystal. In Fig.3a we have also drawn occupation
numbers for a Planckian spectrum of T= 10 K. This temperature is
estimated using specific heat data for the case, that fast thermali-
sation of the absorbed laser energy occurs. In the low freguency
range, the observed occupation numbers are up to two orders of
magnitude lower than for the 10 K apectrum, while at higher fre-
quencies the experimental occupation numbers are larger than for the

e e e ———
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Planckian spectrum. Our result indicates that by the nonradiative
transitions mainly high-frequency phonons are created.

p--?: ot t=0
4 Laser puise snergy:
3:107? J/owm?
o}
®
¥ T+10K -
2
qu g
s
o s
ol
i 1 i
1 2 3 1
viThz) v {THz)

Fig.3. (a) Phonon occupation numbers p immediately after laser pulse
excitation (t = 0); (b) Phonon spectrum at different times.

From the occupation numbers the spectral energy density of the
phonons is derived. In Fig.3b the spectral energy densities of the
phonons for two different times t after laser pulse excitation are ’ l
shown. At t=0 we find a large phonon energy at high frequencies. At '

a later time we observe a strong decrease in the high-frequency range,
while at lower frequencies the spectral phonon energy has increased.
This confirms that high-frequency phonons decay spontaneously into
phonons of lower frequencies.

In summary, we have studied the temporal development of a non-
thermal phonon distribution in Can at low crystal temperature. The »
results of our measurements show, that phonon decay times are '
strongly frequency dependent in agreement with theory.

Discussions with R. Orbach are acknowledged. The work was
supported by the Deutsche Forschungsgemeinschaft.
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ANHARMONICITY EFFECTS IN CaF, AT LOW TEMPERATURE

P.F. Tua and G.D. Mahan

Physics Department, Indiana University, Bloomington, IN 47405, U.S.A.

Abstract. - Using the framework of the rigid ion model, we have calculated
the lifetime of longitudinal acoustic phonons in CaF, at low temperature.
The decay mode 1+l + t is strongly anisotropic and o% one order of magnitude
smaller than the decay mode 1+t + t. For each single decay mode, the
long-wavelength approximation which yields the V8 dependence of 1/t, is
valid for v < 2.5 THz. At higher frequencies, the competing decay modes
show different deviances which, curiously, cancel each other so that the
total life-time can be well approximated by the long-wavelength limit up

to 5.5 THz. We have also calculated the temperature dependence of the
second and third order elastic constants and a good agreement is found

with the available experimental data.

Several new experimental techniques have been recently applied to study the

lifetime of high-frequency acoustic phonons at low temperatute[”. Preliminary

resultslz] for longitudinal acoustic (LA) phonons in fluorites, a-quartz, and ruby

show a lifetime longer than the theoretical predictions of Orbach and Vredevoels]
and Klenens“], which are based on an isotropic model in the long-wavelength

approximation (LWLA). Btonlz] has suggested that, for Ser, Can, and a-quartz,
the discrepancy lies in the differences in the density of phonon states between

the real crystal and an isotropic, dispersionless Debye solid. We believe this is
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not the case. First, the frequency v of the probed LA phonons lies between 1 and
3.5 Tﬂz[zl and the deviances of the dispersion relations from the LWLA are very
small in that region, as shown in Fig. 1 for Can. Second, the form of Orbach and
Vredevoe's relation, where 1/T is proportional to v5, is independent of the
anisotropy of the crystal in the LWLA, because it is a consequence of a simple
scaling law[sl
Another possible explanation is that the three-phonon interaction matrix

, the anisotropy affecting the constant of proportionality slightly.

elements might show large deviations from the LWLA in that frequency region, even
if the dispersion relations do not. In order to investigate this possibility, we
have performed a numerical calculation of the LA phonon lifetime in CaF, for
frequencies between 2.5 and 5.5 THz. We have used the Landau and Rumer[g] theory
for the case hv>>KBT. A simple calculationls] shows that the umklapp processes play
a minor role in the region v<5.5 THz, and hence they have been neglected. Strictly
speaking, the calculation is at zero temperature, but the LA phonon decay is
temperature-independent at sufficiently low temperature (<15°K, in our case), as
shown by Orbach and Vredevoels]. We have used the rigid ion model where the ions
have an "effective” charge and the short-range pair-potentials have the usual
Born-Mayer for-[7]. The parameters have been determined by fitting the neutromn
scattering datals]
9]

constants ~ . In Fig. 2 we show the temperature-dependence of €,y 88 an example of

and the temperature-dependence data of the second-order elastic

the good agreement between theory and experimental data. We have also performed a
long-wavelength expansion of the interaction matrix elements and calculated the

third-order elastic constants. The values(sl are in satisfactory agreement with the

available experimental dntn[lo], since the lstter refer to the first-sound region
where vertex corrections become 1nportant[111.
10104
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Table I - Lifetime (10 !%sec) of LA phonons with hv>>KyT in CaF

5-
v (THz) (0,0,1) (0,1,1) a,1,1)

2.5 33.9 11.9 6.41

3.5 6.33 2.18 1.19

4.5 1.80 0.610 0.341

5.5 0.662 0.220 0.125

The calculated total LA phonon lifetimes in the three principal directions is
reported in Table I. As expected, the lifetime depends upon the direction, but
only within a factor of 5. The vS5-dependence 1s well satisfied. Nevertheless, as
shown in Figs. 3 and 4, the single decay modes show deviations from the
v3-dependence but they cancel out in the total lifetime. The strong deviation of
the process LA+LA+TAl, where TAl is the lowest transverse acoustic branch, can be
attributed only to the interaction matrix elements, because the differences
between the two TA branches are minimalls]. Besides, in the (0,0,1) direction the
transition rate for LA+TA+TA is one order of magnitude greater than that for
LASLA+TA, to the contrary of Orbach and Vredevoe's assunption[3]. The ratio
between the two decay modes becomes smaller in the other two principal directions.

In conclusion, a realistic calculation of the lifetime of LA phonons in Can
with hv>>KBT and 2.5 THz <v<5.5 THz confirms the v5-dependence and suggests that a
more careful interpretation of the raw experimental data is needed.
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PHONON DAMPING IN CRYSTALLINE AND AMORPHOUS SOLIDS AT HYPERSONIC
FREQUENCIES

R. Vacher and J. Pelous

Laboratoire de Spectrométrie Rayleigh Brillouin (ERA 460}, Université des
Setences et Techniques du Languedoc, Place E. Bataillon, 34060 Montpellier
Cedex, France

Abstract.- We present new Brillouin scattering measurements, for temperature
ranging from 1 K to room temperature in a broad range of insulating solids
(crystalline and amorphous solids). We analyse the temperature dependence of
the attenuation of longitudinal phonons (frequency higher than 15 @iz} on
the basis of the physical processes responsible for the phonon damping.

Measurements of acoustic attenuation in solids for frequencies higher than
10 GHz are scarce, because the large attenuation at these frequencies makes the ul-
trasonic experiments difficult, excepted at low temperatures. Brillouin scattering,
which is the appropriate tool for such measurements, has been used in a broad range
of insulating solids for temperatures ranging from 1 K to 300 K. We have studied io-
nic and molecular crystals, inorganic glasses and amorphous polymers. Our purpose is
to bring out the laws for the temperature variation of the damping, to compare them
with those observed at lower frequencies, and to analyse these results on the basis
of the theoretical models describing the physical processes responsible for the at-
tenuation.
(7) Ionic crystals. In such materials, the acoustic damping a is known to originate
from anharmmonic phonon-phonon interaction. Sodium Chiloride is used here as an exam-
ple. In this crystal, previous ultrasonic measurements! have demonstrated the exis-
tence of two well-defined limiting regimes. At low temperatures (below 20 K) the
condition wt >> 1 was fulfilled (w is the frequency of the acoustic wave and 1 the
lifetime of thermal phonons). The experiment gave a ~ T* in agreement with the theo-
Yy in the Landau-Rumer regime.Z? At higher temperatures, the Akhieser regime (wi<<1)
was reached : the ultrasonic attenuation o was then found proportional to T° which
also agrees with theory. In contrast, Brillouin experiments around 30 GHz indicates
a~ T, with n = 2.5 below 60 K. At higher temperatures, the T° law is not observed.
A satisfying explanation of this surprising behaviour can be found extending the
current theories of the attenuation due to phonon-phonon interactions, to the unu-
susl temperature-frequency regime reached in our experiments.?
(ii) Moleoular crystals. Our experiments in succinonitrile* and a-sulfurS have de-
monstrated that a dispersion and attemuation of elastic waves can be observed by
Brillouin scattering in molecular crystals. Such experiments at hypersonic frequen-

cies show that relaxation processes with characteristic times of the order of 10~"s.
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are present in these crystals, in addition to anharmonic phonon-phonon processes.
For more details on the molecular relaxation observed in a-sulfur, the reader is re-
ferred to the paper presented separately at the same Conference.®

(1i7) Inorganic glasses. Above 1 K, two striking features are observed in most of the
inorganic glasses. For temperatures around 1 K, the ultrasonic attenuation is pro-
portional to T? (frequencies lower than 1 (Hz). In this temperature range the domi-
nant process is the relaxational absorption via phonon-assisted tunnelling. At hi-
gher temperatures, a - more or less pronounced - absorption peak is often observed,
which is assigned to thermally activated relaxation processes. Such a behaviour has
been observed in glasses of very different chemical composition as, for instance,
vitreous Si0, and LaSF,, a metallic oxyde glass, for frequencies of about 100 M{z.7
Our Brillouin scattering experiments in LaSF;, plotted in Fig.1, exhibit a complete-
ly different behaviour (the frequency is about 40 @iz) : a is found nearly propor-
tional to T in the whole temperature range studied.
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In vitreous SiO;, we have already shown® that the relaxation process which
accounts for all of the ultrasonic attenuation can only explain one part of the hy-
personic values. Phonon-phonon interactions have been suggested to explain this ex-
cess. A similar explanation can be proposed for LaSF, results.

(iv) Amorphous polymers. At ultrasonic frequencies, the peak due to thermally acti-
vated relaxations is also observed in polymers. However, at low temperatures, a ap-
pears here proportional to wT. Our results in polystyrene (Fig.2- the frequency is

about 18 @iz2) exhibit a T-dependence in a large temperature range, and agree appro-
ximately with an w-law where compared to the ultrasonic values below 10 K. The best
candidate for explaining a wT law is a distribution of thermally activated relaxa-~

tion Trocesses, with a nearly constent density of activation energies.?
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However, as for inorganic glasses, the hypersonic results cannot be described

as a whole on the basis of the ultrasonic values of the relaxation parameters.

The above results show that, for all of the insulating solids studied, the

temperature dependence of acoustic damping is very different for ultrasonic and hy-
personic frequencies. In amorphous materials, the thermally activated relaxations
appear to be insufficient for explaining the hypersonic results above 20 K. Phonon-
phonon interactions seem to contribute appreciable to the acoustic damping.
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HARMONIC AND ANHARMONIC PROPERTIES OF SILICON

K.H. Wanser and R.F. Wallis

Department of Physics, University of Califormia, Irvine, California 92717,
U.S.A.

Abstract.- Silicon has interesting harmonic and anharmonic
properties such as the low-lying transverse acoustic modes at the
X and L points of the Brillouin zone, negative Gruneisen para-
meters, negative thermal expansion and anomalous acoustic
attenuation. 1In an attempt to understand these properties, we
have developed a lattice dynamical model for silicon employing
long-range, non-local, dipole-dipole interactions. Several
interesting features of this interaction are found and dis-
cussed. We present analytic expressions for the Gruneisen
parameters that explain how the negative Gruneisen parameters
arise. Application of this model to the calculation of the
thermal expansion of silicon is made.

It is well known that comparatively long range interactions are
necessary to explain the elastic constants as well as the low-lying
TA[100) and [111) modes in silicon. Several models have been

1,2

developed to explain this behavior. Attempts to compute

snharmonic properties have utilized first neighbor anharmonicity or
first and second neighbor anharmonicity, one of the authors?
concluding that this was sufficient to explain the mode Gruneisen
parameters and thermal expansion coefficient. That this is not the
case can be seen from the fact that the Gruneisen parameters for these
models are in major disagreement with experiment for several modes.
The model we use employs first thru fourth neighbor ceatral
potentials, nearest neighbor angle bending and displacement induced
non~local dipoles. An interesting feature of the non-local dipole
interactioan is that it does not affect the elastic coanstants or the
Raman frequency. This is in coatrast to the local quadrupoles used by
Lax.3
A ten independent parameter preliminary fit of our model to the
experimental data is shown in Fig. 1. The major feature of this
dipole model is the dramatic lowering of the TA modes at the X point.
Proceeding to the anharmonic properties, we note that silicon has
negative thermal expansion and thus negative Cruneisen parameters for

some modes. The volume thermal expansion coefficient is given to

oy
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lowest order in the anharmonicity by
1 .
o = 37 :Z v(&3)c, (u(E5)) ()
° J
Here B is the bulk modulus, V, the volume of the bare crystal, u(fj)
the bare harmonic frequency, cs(u) is the Einstein specific heat
function and y(‘j) the mode Gruneisen parameter.
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first neighbor potential function etc. The fourth neighbor interaction

does not coatribute at the X point. The interesting
(2) is that the nearest neighbor third derivative is
BEq. (2a) but is 1a Eq. (2b). This is the explanation
mode has a negative mode gamma and the TOX mode does
to the fact that the diamond structure has a nearest

force instability. 1In fact, it is just those modes

feature of Eqs.

not present in
for why the TAX

not, It is due

neighbor central

that have the

instability that exhibit the negative mode gamma. This point has

been recognized in the literature previously. We emphasize again that

since 0:(:0) is of opposite siga to 0;(:0), the canc
0; (to) in certain modes makes the mode gamma extrem

negative.

ellation of

ely likely to

aot

be

A preliminary calculation of the thermal expansion is shown in

Fig. 2. 1In this calculation the four third order po

a(10°%x)

silicon.

data.

tential

Fig. 2. Volume thermal

Solid line is

present calculation,

expansion coefficient of

circles are experimental

derivatives were fit to the experimental mode gammas at X, L and the

elastic region. The dipole and angle-bending anharmonic parameters

were fixed by theoretical considerations.®

Acknowledgemeat - Work supported in part by NASA Contract No. NSG-7472

and NSF Grant No. DMR-7809430.

References
1. G. Dolling asad R. A. Cowley, Proc. Phys. Soc. 88

2. H. Jax, Phys. Stat. Sol. (b) &5, 343 (1971).
3. M. Lax, "Lattice Dynamics," Rd. by R, F. Wallis,
Oxford, 1965), ». 179,

» 463 (1966).

(Pergamon,

4, K. B. Vamser, Ph.D. Thesis, UC Irvine, 1981 (unpublished).




JOURNAL DE PHYSIQUE
Colloque C6, supplément au n°12, Tome 42, décembre 1981 page C6-131

PHONON-PHONON INTERACTIONS IN MOLECULAR CRYSTALS STUDIED BY ULTRASONIC
METHODS

B. Perrin and F. Michard

Département de Recherchee Physiques, Tour 22, Univereité P. et M. Curte,
75230 Paris Cedex 05, France

Abstract. - Internal vibrations of molecules are slightly affected
by lattice effects in molecular crystals so that there are only
weak interactions between internal and external phonons which
give slow relaxation times in the phonon collision operator. Thus
an ultrasonic rel.xation may be expected in molecular crystals.
In this work it is shown that this molecular relazation may be
taken into account in the framework of Akhieser's theory and a
relation between sound absorption and relaxation time is given.
Results obtained through acousto-optic interaction on ionic-mole-
cular crystals are also mentioned.

1. Introduction. - Internal vibrations of molecules are quite unaffec-
ted by lattice effects in molecular crystals so that there are only
weak interactions between internal and external modes of vibrations of
the molecules in these crystals. This weakness entails the existence
of slow relaxation processes during the thermalization of the whole
set of phonons after any perturbation of the thermal equilibrium. The
times involved in these processes lying in the ultrasonic frequency
range, an ultrasonic relaxation may be expected in molecular crystals.
This "molecular relaxation", due to a slow transfer of energy between
the internal and external degrees of freedom of molecules, has been
extensively studied in molecular gases and liguids and Liebermannl

was the first to suggest the extension of this phenomenon to the solid
state. Since his pioneering work, some experimental studies led on
organic molecular compounds have clearly shown the existence of a
relaxation process which underlies a special ultrasonic behavior of mo-
lecular crystals among dielectric ones. We present in this work recent
theoretical and experimental developments concerning this field.

2. Theoretical aspect. - The present status of the theory in this field
is unsatisfying in several points. For example, Richardnz'rolation
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given by -
1 %% S ta
Cp CV-CI 1+Q

is used to relate the sound absorption a and the relaxation time <t ;
here 2 and s are respectively the angular frequency and the velocity
of the sound beam, CD and Cv are the specific heats at constant pressu-
re and constant volume and CI is the specific heat associated with the
internal degrees of freedom of molecules. This expression has been
derived considering specific properties of gas and liquid phases and
its use in the solid state seems questionable. Moreover no mention has
never been made of the fact that, although molecular crystals belong
to the family of dielectric crystals, the molecular relaxation does
not seem predicted by the classical theories of ultrasonic attenuation
in dielectric crystals. The answer to these two points may be found by
considering a solid state point of view (in contrast to Liebermann's
approach). The molecular relaxation times being greater than the mean
lifetime of thermal phonons, this phenomenon occurs in a hydrodynamical
regime of ultrasonic propagation and may be studied with the Boltzmann
equation approach. The phonon collision operator involved in this
approach is usually simplified by the collision time approximation
which means that all the phonons have the same status during the ther-
malization and which leads to the classical expression of the Akhieser
10333. This assumption obviously fails in molecular crystals for which
we have to consider two phonon systems (external and internal phonons)
which have only weak interactions between them. One of the author4 has
recently proposed a model describing the behavior of phonon-phonon
interactions in molecular crystals and has shown that the ultrasonic
absorption a may be written nso.A+aR where a, is - close to the ex-
pression of the Akhieser loss and o is a relaxation term given by

ta

B )
(Ciike Pry €iFy
ap = ] 37 (2)

208 C Cv 1+4Q°t

Here cijkl are ‘the elastic constants, Bkz the thermal expan-
sion tenmsor, e, and Kj components of the polarization e and norma-
lized wave vector K of the sound beam, T the temperature and p the
density. For isotropic and cubic symmetries thig expression may be

reduced to
C,,+2C 2
% = 75 "PE"_ —r (—1'1—:'*3) e.® ;;a—n}r (3)
s T

which differs from Richards' expression by the existence of the
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properties of the solid state. Moreover for symmetries lower &hané:bic

it is impossible to introduce in a natural way the quantity Dc A4

C
structure factor ( 12) resulting from the accounting for the

in the expression of ap - Thus the Boltzmann equation approach,pon
the one hand, makes it possible to consider the molecular relaxation
as a particular aspect of the Akhieser absorption mechanism and, on
the other hand, proves that the use in the solid state of Richards'ex-
pression is indeed questionable; moreover it gives an expression of a
which takes into account the specific elastic properties of the solid
state.

3. Experimental aspect. - Most of the ultrasonic studies on molecular
compounds which have been reported up to now have been led with the
classical pulse echo method. In fact, this method does not seem adapted
to this problem because a careful analysis of the frequency dependence
of the absorption needs to use high frequencies (> 100 MHz) and more-
over the attenuation is expected to be very large. On the other hand
the light diffraction by elastic waves seems a suitable tool for this
study whether ultrasonic waves are used (Bragg diffraction) or thermal
waves (Brillouin scattering). The interest of light diffraction by
elastic waves has been emphasized by an ultrasonic st:udys'6 on the
isomorphous cubic crystals Sr(N03)2 ’ Ba(N03)2 and Pb(No3)2 (which may
be termed ionic-molecular crystals) for which the ultrasonic absorp-
tion has been measured for a large range of frequency and temperature.
In these compounds, a relaxation process has been identified which can :
be viewed as a molecular relaxation; thus this study seems to be the !
first experimental evidence of the molecular relaxation in ionic-
molecular compounds and proves that this phenomenon is closely connec~
ted with the "molecular character®™ of a crystal. An other consequence
of this study is that the analysis of experimental results has shown
that relation (3) offers a better fit than Richards'expression for
ultrasonic measurements in molecular compounds.
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TEMPERATURE DEPENDENCE OF PHONON-PHONON INTERACTION IN SILICON

M.A. Breazeale and J. Philip

Department of Phyeice, The University of Tennessee, Knoxville, TN 37816,
U.s.A.

Abstract.- The generation of a second harmonic of an initially sinusoidal
uTtrasonic wave can be considered as collinear interaction between two identi-
cal phonons to produce the sum frequency phonon. This phenomenon has been
studied in considerable detail, and the studies have led to a technique for
measuring harmonic ampliitudes and calculating anharmonic coupling coefficients
in terms of second- and third-order elastic constants. Measurements have been
made on silicon, and have resulted for the first time in a complete set of
third-order elastic constants at temoeratures between 3°K and 300°K. Results
are presented for silicon between 3°K and 300°K and a comparison is made
between TOE constants calculated by using our data in the Keating theory and
ggﬁicggstants evaluated by combining our data and those of Beattie and

rber.

Introduction.- Nonlinear interaction of two phonons of frequency wy and wy produces
both sum and difference frequency phonons. This interaction can be described in
terms of an interaction Hamiltonian which contains coupling parameters that can be
expressed in terms of higher-order elastic constants. Specialization to collinear
propaqcation of phonons of the same frequency leads to a sum frequency which is the
second harmonic. CGoing to the continuum limit leads to a set of equations which con-
tain nonlinear coefficients which can be measured at ultrasonic frequencies. We have
measured the nonlinearity parameters of silicon and have interpreted our results in
terms of the Keating lattice dynamical model to obtain all six third-order elastic
constants as a function of temperature between 3°K and 300°K. In addition, we have
combined our data with that of Beattie and Schirber to obtain the TOE constants at
300°K, 77°K, and 4°K.

Method.- The experimental setup and the procedure to measure the absolute amplitudes
of the fundamental and generated second harmonic of an initially sinusoidal ultrasonic
wave propagating through a nonlinear medium has been described in earlier publica-
tions.]'z'3 In the special directions along which pure mode longitudinal wave propa-
gatign is possible, the nonlinear wave equation for a cubic crystal reduces to the
form

2 2 2
905;%"‘2:—.%’(3"2”‘3)%%':"% (M

where K2 and Ka are linear combinations of second- and third-order elastic constants
respectively given by
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K,[100] = €}y Ko[110] = J (Cqq + €pp + 2Cqq)
(2)
1
KLY = 5 (Cqq + 26, + 4C4,) &
and
Ka[100] = Cqqq 3 Kg[110] = F (C1qq + 3Cp3p + 120166 5
(3)

B
K3(111] = 5 (Cyqq + 6Cyyp + 120144 + 28Cyg + 20155 + 16C,5¢) -

Considering an initially sinusoidal disturbance at a=0, the solution to Ea. (1) isof
the form
A% 3K, + Ky
u = A;sin(ka-ut) - g— (—Sg—)cos 2(ka-ut) + ... (4)
2

in which a is the propagation distance and k is the propagation constant. Measuring
the amplitude of the fundamental wave and the amplitude of the second harmonic allows
one to calculate the K3 parameters along the pure mode directions. Measurements have
been made for silicon as a function of temperature between 3 and 300°K by measuring
the absolute A] and A2 values using a variable gap capacitive detector. The K2
parameters have been determined by measuring the longitudinal wave velocities along
the symmetry directions.

Keating'ss theory of the TOE constants of diamond-like solids 1s basically
equivalent to the Born-Huang approach of imposing the invariance requirements on the
anharmonic strain energy of the crystal. Keating has derived the expressions for the
six TOE constants in terms of three anharmonic first and second neighbor force con-
stants v, § and ¢ and two harmonic force constants « and 8:

C]]] =y ~8§+ 9%

where
Chg=v-8+e
Cona = v + 38 -3 g =28, %12 (5)
et ) w8 Ity

Crag = Y(1-007 + 601407 + c(14e) (3e-1) + €162

Cre6 = ¥(1-6) - 8(196)2 + e(140)(3-€) + €87

Combining the set of equations (3) and (5), we can write the three anharmonic
force constants ¢, § and v in terms of the K3 prarameters. Evaluation of ¢, 6 and v

as a function of temperature from the temperature depedhent K3 parameters leads to
the determination of a1l the TOE constants as a function of temperature.

Results and Discussion.- The TOE constants of silicon plotted as a function of
temperature are reproduced in Fios. 1(a) and 2(a). We have plotted both the calcu-
Tated data points as well as the best fit curve through them to show the effect of
error propagation. Beattie and samm‘ have measured the pressure derivatives of
the SOE constants of silicon at 4, 77 and 300°K. Combining their results with our
Ky values, we have fsolated all the six TOE ‘constants at these specific temperatures.
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(a) Our data plus Keating theory data
Fig. 2. The TOE constants Cy,qs Ciaas 2and C of silicon plotted as a function of
temperature. 123* “144 456

The calculated points and the curves joining them are given in Figs. 1(b) and 2(b).
A comparison between 1(a) and 1(b) and between 2(a) and 2(b) shows the extent to
which the Keating model and experimental results agree for silicon. The fact thatwe
can measure three quantities and that the Keating model involves only three anhar-
monic force constants has made this approach possible. The Griineisen parameters of
silicon evaluated as a function of temperature using our TOE constant data are in
better agreement with experimental curves than those reported by earlier workers who
treated TOE constants as temperature independent.
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NON-LINEAR DYNAMICAL EXCITATIONS IN SOLIDS

A.A. Maradudin®, A.J. Martin, H. Bilz and R.F. Wallis*

Max-Planck-Institut filp Festkdrperforschung, Heisenbergstrasse 1, 7000 Stuttgart
80, F.R.G.

Abstract.-~ Vibrational excitations can exist in non-linear sy-
stems which have no counterpart in the corresponding linear sy-
stems. In this paper we investigate such excitations in systems
where the non-linearity is of an on-site character. In particu-
lar, we analyze the existence conditions for localized (and de-
localized) excitations, and their interaction with external fields.

In this paper we discuss the properties of non-linear periodic
lattice waves in models of perfect and imperfect crystals. Our model
Hamiltonians contain a fourth-order on-site electron-ion potential*‘
reminiscent of ¢4-models. This approach is motivated by the success
of the self-consistent phonon approximation (SPA) for the investigat-
ions of ferroelectric-type phase transitions in terms of such models
(refer to Bussmann et al., this Conference).

2. General Solution to the Dynamical Monomer Problem

The monomer (Fig. 1) consists of one anion and one cation. If the cen-
ter of mass motion is factored out, the sy-
stem is described by two coupled variables,

Uy

¢ which may be chosen as the displacement, u,
of the cation relative to the anion core and
the displacement, w, of the anion shell rela-
L-m tive to its core. The oscillation frequency
' 2 of the monomer is displayed in Fig. 2 as a
function of wg, where v is the maximug dgs-
placement from the origin. The range w>w

o crit
Fig. 1 The moncmer unit.g belongs to anharmonic oscillations which tra-

is the fourth oxder W@‘-’-\"J verse the origin w=o (the solution at wg-oJ
conat is the only harmonic one). The range “g <§,1t

describes oscillations which are localized in one or another of two
equivalent potential wells. The minimun squared displacement from the
origin increases from zero to the left of ':rit until it coincides
with w: at -gzlg‘ (notice that the frequency does not go to zero at
this point). -

#permanent address : Department of Physics, University of California,
Irvine, CA 92717, U.S.A.

e




Cc6-138 JOURNAL DE PHYSIQUE

3. A Noalinearly Polarizable Impurity in
a Linear Chain

We now turn to the consideration

' of a problem in which a nonlinearly po-
o larizable atom is present as a substi-
°. tutional impurity in a monatomic linear

chain (Fig. 3). We seek a solution for
the displacement field in the chain that

decays exponentially with increasing di-
o o2 odfd o o stance from the impurity site, i.e. a
L - localized mode.
Fig. 2 Frequency vs. squared ma- We can obtain an exact solution to
ximm amplitude. 8/0=0.2, g 2/94 = the equations of motion of the chain
-0.2, w is in units of (2/3) x with the Ansatz
1/2
(£/u) / , where U is the reduced W= A cosuwt (3.2a)
mass, and a =3g,>0, PB=f f >o.
! 394 ! 492' u,= B“)cosmt+s(3)cos3ut (3.2b)
u = (-1) “[c“ Ye ™ cosutc (3eMH cos3mt1
n>1, (3.2¢c)

where v, ig the relative shell-core dis-
placement of the impurity atom, and u,
is the displacementment of the n"‘h core,
when we assume in addition that u_ =u .
" /0\" - In Eg. (3.2c) the quantities A and y
Yoy 'T'\aj"i"' Y v are the real quantities given by )

2o vo2 =2cosh™ ! (w/wp) u=2cosh—1(3m/wL), where
wy=tav/m /2
frequency of the unperturbed chain. The

Fig. 3 A nonlinearly polarizable frequency of the localized mode must

impurity in a monatamic linear therefore be larger than wy, for the so-

chain. lution (3.2) to exist. The equation de-
ternmining w is

is the maximum normal mode

2

2_._ ~u
2 Mo oy (ite ) L, (3.3)

2f omui~y(14e V)
With w determined from this equation the amplitude A is found from
the relation

a2 - 25 1+ ____T___u/gz 't
- - > 0, u‘
364- (2£/M'w”) =X )
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where X =[Mm2-f-Y(1+e-A)]/ [Mmzdv (1+e-'\ )] .

It should be pointed out that for g,<0, Egs. (3.3)-(3.4) have a
solution even if M'=M and f=y provided that | 92|/Y> 2.8. In this case
the localized mode has no counterpart in the harmonic approximation.

4. Response to External Electric Fields

If the periodon solutions to the nonlinear equation of motion of
a crystal containing atoms or ions possessing nonlinear polarizabilities
are to be observed experimentally, it is likely to be through features
they contribute to the functions characterizing the response of such
crystals to external probes. We have therefore begun a study of the pe-
riodon~type solutions of the equations of motion of a monatomic linear
crystal of this type (Fig. 4), in the presence of an external spatially
and temporally varying electric field.

We consider an electric field given by En(t)szocos (np-wt). In
this case the equations of motion of the crystal have the exact so-
lution

wn(t) = A cos(nd-wt) (4.1)

un(t) = 3(1)coa(noﬂmt)+3‘3)cos3(n¢-wt)

(4.2)
provided that the frequency and wave vector
are related through wz- 4(f+£') /M sin2 %o.

" “ ™ “ We then have that the amplitude A is obtained
in terms of the electric field amplitude E,

from the equation
FEE.llhnnnaumncrwnlhrur

1
4f A sin? 2¢ - Mw?-4 (£+£°) 8in2 %0 (4.3)
3 3 —— , .
ZE,mgy) A 9y A Muw -4f'si£i;%¢
while
3 3
By =22 2" {94 Bq,= - ———ng‘ - (4.4)
(1) 2 (3) 4

Mul-4g'nin 1o 16£ sin® 3¢

where Z i3 the charge on each core and -2 is the charge on each shell.
Generalizations of this solution can be obtained by adding higher odd
harmonics to the right hand sides of Eqs. (4.1, . However, in that case
a solution in finite terms, like that given by Egs. (4.1)={(4.3), is no
longer possible. ’

+ refer to Blittner and Bilz, (this Conference)
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TEMPERATURE DEPENDENCE OF MULTIPHONON ABSORPTION IN HIGHLY TRANSPARENT
CUBIC ZIRCONIA

B. Beﬁg?w)(l), H.G. Lipson, R.N. Brown, R.C. Marshall, D. Billard" and S.S.
Mitra**(2

Solid State Sceiences Diviston, Rome Air Development Center, Hanscom AFB, MA
01731, U.S.A.

%Centre de Recherche sur la Fhysique des Hautes Températures, C.N.R.S5., 45045
Orléans Cedex, France

**pept. of Electrical Enginsering, University of Rhode Island, Kingston, RI 02661,
U.S.A.

Abstract - We investigate multiphonon absorption in the three to five
phonon regime of yttria-stabilized cubic zirconia, over an extended

range of temperatures. The absorption vs. frequency curves at fixed
temperature are found to display a nearly exponential decrease typical

of multiphonon absorption in other ionic crystals. A theoretical mode)
for multiphonon absorption is utilized to fit the data over the full
range of frequency and temperature investigated, and good agreement is
obtatned between theory and experiment. A strong suppression of the
temperature variation of absorption is observed at high frequency, which
we attribute to the temperature dependence of the phonon spectrum itself,

1. Introduction - Cubic zirconia is an optical material of considerable iry..-
est because of its unique properties: namely, it is very hard, has a very * i
melting temperature, resists chemical attack and is an excellent fnsulator. It
is readily doped with various rare-earth and transition-metal ions to provide a
wide range of potential laser-host materials. The crystals utilized for this
study were produced at RADC employing a relative'v new process called “skull
melting”, in which the melt is contained within a <2lid "skull" of identical :
conpositionl. This procedure minimizes difficulties with reaction and
contamination encountered in conventional crucible-type growth. Heating is ;
accomplished by coupling RF energy to zirconium metal placed into the charge, :
Crystals are finally obtained by preferential freezing of the melt when the
crucible 1s sTowly lowered through the coil. The yttria-stabilied crystals
obtained in this way possess hardness ~ 1370 Knoop, density ~ 5.9 g-/cm3,
thermal conductivity ~ .018 W/cm/°C and visible refractive index ~ 2.15-2.18.
The yttria concentration typically varies from around twelve to twenty-five
weight percent; the sample utilized for tne present study contained twenty
weight percent yttria,

T YUY S

. 2. Experimental - The absorption coefficient (a) in the vicinity of the IR

edge was deduced from transmission data, aobtained with a Fourier spectrophotometer
which was appropriately modified for both low temperatureZ and high temperature3

(1)Present address: The BOM Corp, 1801 Randolph Rd, S.E., Albuquerque, WM 87106.
(2) Research supported by Rome Air Dev.Center(AFSC) under contract no.F19628-77-C-0109,
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measurements, Results for a vs frequency at several temperatures between 80
and 1320K are displayed in Fig. 1. Note that the absorption vs. frequency curves
at fixed temperature display a nearly exponential decrease typical of multiphonon
absorption in other ionic crysta]s4. Moreover, the spectra reveal only weak

Cubic Zrconia

0.1

14

Fig. 1. IR edge absorption coefficient a of cubic zironia vs
frequency w at several temperatures {°K).

structural features, which progressively disappear with increasing temperature.
3. Discussion - For jonic materials, one may model the temperature dependence
of the IR edge absorption as?

(o) + 1)

a = ag ——————  exp{-Au/uy)
n(w) +1

where n is the Bose-Einstein function and w, 15 a temperature dependent average opti-
cal phonon frequency. For the present purposes we only account for linear varia-
tions of wy, vs T, i.e., we take wy, = woo(l - ¥T). Variation of parameters to
obtain a best fit to the data over the full range of available temperatures and fre-
quencies leads to the results indicated in Fig. 2, corresponding to the choices
a, = 1.38x105,  w,, = 550 cm"l,  A=3.85, v = 2.0x10°5/°k
The good agreement obtained between theory and experiment corroborates the
interpretation of the observed spectra as multiphonon absorption. The derived
average frequency w,, = s50cm1 is consistent with fundamental IR and Raman
data, and implies that the present absorption measurements span the three to
five phonon regime.

A noteworthy feature of the above results is the relatively strong suppression
of the T-dependence of absorption at high temperatures. This effect, which is
well known from previous measurements on alkali-halides, is attributable to the
strong T-dependence of the fundamental phonon spectrum itself fn tonic crystals.
Further confidence in this interpretation is provided by the close proximity of
the value deduced here for y, to those implied by Raman scattering studiesd
of the T-dependence of phonons in monoclinic Ir0;.

-
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ABSORPTION COEFFICIENT (om™')

TEMPERATURE (K)

Flg. 2. BhsorRRon cqehtigien YT TIRer b ke hRh EERES TR e S ions
and triangles. are experimental values.
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ANHARMONIC CONTRIBUTIONS TO THE THERMAL DIFFUSE X-RAY SCATTERING
INTENSITY FROM SINGLE CRYSTALLINE SODIUM

G. Fritach®, W. Dietz, R. Haring and E. Lischer

Physik~Department, Technische Universitdt Minchen, D-8046 Garching, F.R.G.
*2WE Physik, Bochschule der Bundeswehr Minchen, D-8014 Neubiberg, F.R.G.

Abstract.- We report on measurements of the thermal diffuse X-ray scattering
Trom single crystalline Na.Data were taken with the momentum transfer being
aligned along the (100), (110) and (111) directions as a function of tempera-
ture. They are discussed in terms of one, two and higher multi-phonon contri-
butions. In addition, a part asymmetric with respect to a reciprocal lattice
vector is determined and analyzed.

1. Introduction.- The X-ray intensity scattered diffuseily from a metal single cry-
stal is the sum of one, two and higher order phonon processes.1 At temperatures
T> BD interference terms caused by anharmonic interactions will also contribute.
This picture may be complicated if deformations of the ion coresz) or elastic defect
scattering3 exists. In this communication we would like to discuss our results on
Na and compare them with other work in this fie]d4'6).

2. Data Analysis.~ The experimental set-up used was a modified version of the one
described elsewhere.s) After subtracting from the measured cross section (do/dn)eff
the calculated one-phonon parts), the muiti~phonon contribution higher than of order
two“ (da/da.)m, and the Compton cross section, we arrive at (do/dB) 4. The latter is
interpreted as a sum of the two-phonon and an asymmetric interference contribution.
((do/dn)n,sfz exp(-zw){exp(ZH)~1-2w-2H2}, where exp(-2W) is the Debye-Waller fac-
tor 4) and f2 the ionic scattering factor.)
In the main crystallographic directions the two phonon term can be written

as'):

(do/dn), =w* expl-2ute)] A(I/a) - Foe)

where A(3/q) is symmetric with respect to the reciprocal lattice vector
‘B . Be=3% + ql. Furthermore, we assume that only the lowest order interference
tem” contributes: -

(draqd, | , =o€ ep [-2i0) - Bldrq) - F0)

with B(a./q) asymstric with respect to 8. There is 4n additional Symmetric term
(Go/aR)%,y, 1.2 WWich s the same - and T-dapendences ' as does (dodal,.

Using data above and below ¢, the quantities (do/da), + (doram)s 1,2 85 well as
(do/dald,, | , may be determined. The results are given in Figs 1 and 2.
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0: 52.69C; 4: 69.89C, o: 52,69C; A

' c)A: 263°c.o sse°cu945°c
The lines are only guides to the eye.
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3. Discussion.- The asymmetric part in the (110)-direction (Fig. 1a) agrees with the
one determined earlier.6 In this paper we showed that the T-dependence is the one
to be expected for anharmonic interference effects between the one and two phonon
process. However, the symmetric part is systematically higher than the two phonon
part calculated directly (Fig. 2a). Close to the reciprocal lattice vector &, the
discrepancy is probably due to the approximations used in evaluating the higher or-
der many phonon processes. In between the two 2, values the quantity (do/dn.):nh 1,2
might contribute.

For the (100) direction, the results for the asymmetric term (Fio. 1b) are
rather puzzling, since they apparently do not show a zero at .01 This fact may
point towards a wrong a¢-dependence of the higher order many phonon contributions
(orientational dependence). The symmetric part (Fig. 2b) is close to the (110) re-
sult, calculations of the two phonon term is in progress.

The asymmetric results (Fig. ic) in the (111)-direction are similar to the
ones in the (110)-case. However, the magnitude is much larger, increasing with
temperature. The comments for the symmetric part (Fig. 2c) are the same as in the
(100)-case.

In view of the temperature dependence of the asymmetric part and its ae-depen-
dence, we conclude that these are anharmonic contributions and deformation scatter-
ing is not present. Trinkhaus” has shown that these defects in thermal equilibrium
give a symmetric part ~ q'2 and an asymmetric part ~ q". An estimation using a
relative activation volume av/v = -0.6 for the vacancy yields (.16 and -0.14
respectively in the most favourable case. These values are relative to (dc/dll),.
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LATTICE PHONON LIFETIME CALCULATIONS

J.H. Henkel

’

Department of Physics and Astromomy, University of Georgia, Athems, Georgia
30602, U.S.A.

Abstract.~It is shown that phonon lifetimes can be calculated
using finite periodicities and discrete frequencies without
going completely to the limit of infinite periodicities or quasi-
continuous frequency distributions. In applying the Golden Rule
equation in time-dependent perturbation theory there is a time
interval over which the transition rate is very nearly indepen-
dent of time and energy level differences (or periodicity). as
the periodicity of the lattice increases the time interval over
which the transition rate is independent of time increases and
approaches infinity in the limit of infinite periodicity.
Calculations are presented.

The Golden Rule of time-dependent perturbation theory relating transi-
tion rates from an initial unperturbed energy eigenstate Eéo) to one
of the other energy eigenstates En(nm induced by the perturbing Hamil-
tonian H' with matrix elements Hl:n is given byl

1-cos (mmg;)

1l ' 2 2 ¢f 2
w==x7J] la()|“=%7] |8 y (1)
tx);n m txzn m' )52?

where
B(0) - E(0)
w =D (2)
mn A
and where the prime on the sum means that the term for m=n is ex-
cluded from the sum. The Golden Rule can also be written as

a ' 2 2 ' sin(wmt)
W= = a_(t) = H' —— (3)
dt,{ l 'm ! pl{ I mrxrz T,

For quasi-continuous energy distributions the Golder Rule takes the
form

2
il L LA I 0

where p is the density of states expressed as a function of 8(0) and
where the right hand side is independeut of time t.

To see how phonon lifetimes can be calculated using the Golden Rule
equation without first taking the limit of quasi-continuous energy
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level distributions consider the functions Fl {(a,t,L) and Fz (a,t,L)

given by
;27
2 L sm——L—(c-n)t
Fplestol) =3 2oy —
n=l—L—(u-n) (5)
and
12 L l-cos%E(a—n)t
Fz(altlL) = E E Z [?_E(a_n)—lz (6)
n=l "L

In the limit L+~ these functions are unity independent of time t pro-
vided 0 <o <L but not one of the integers 1, 2,... L. For finite L
the functions are to within about 10% equal to unity independent of a
and t for the interval 1<t<L and for 0 <a <L witha # 1, 2,... L. A
plot of a typical Fl(a,t,L) versus t is shown in Fig. 1 while Table I
lists calculated values of Pl fa,t,12). The function Fl {a,t,L) is zero

drl (a,0,L)
at t=0, with a slope —F = 2, and levels off to approximately

1l at t=1. It remains unity within small variations up to t=1L inde~-
pendent of a provided 0 <a <L anda # 1,2,... L.

Two important conclusions result in examining the properties of

Fl (@,t,L). One is that the value of Fl (a,t,L) for 1<t <L is approxi-
mately the same as the limiting value of Fy (a,t,»2). The other is that
the convergence in L is very rapid. The main result in increasing L
is the increase in time interval over which Fy is constant.

The potential energy expression cf a crystal can be expanded in series ’
form involving the atomic displacements. That part of the potential

including the third degree terms in the displacements can be used as
the perturbing potential utilized in the Golden Rule equation to cal-
culate time derivatives of phonon occupation densities. When this is
done the derivative takes the followiiig for:m2

dn ’
[} 2 sinduwt
32 = 121, g, gnl” elroe Sipaet

[{ng+1)n ,n e =n (n , +1) (n 0 +1)], (n

where

bw = w =W, =6 (8)

This derivative can be evaluated for 